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 Design and synthesis of new materials are a long-standing goal for chemistry, physics and 
material science, especially those with intriguing properties such as magnetism and 
superconductivity. With consideration and incorporation of the highlights in some existing design 
rules, we successfully designed and discovered the superconductivity in BaPt2Bi2, SrSnP and 
YbxPt5P.  
 With the help of valence electron counting method, we synthesized a new intermetallic 
compound, BaIr2Ge2, which was then found to be non-superconducting above 1.8 K. Thus, we 
considered both valence electron counting and chemical pressure adjustment to reach the 
superconductivity of BaPt2Bi2 (Tc = 2.0 K) which crystallizes in a structure highly related to the 
parent compound of one of the high-temperature superconductors, BaFe2As2. According to the 
bonding analysis, Pt-Pt and Pt-Bi antibonding interactions are believed to be responsible to 
superconductivity in such system. In order to find more superconductors with Pt-Bi critical charge 
transfer pair, with the help from adaptive genetic algorithm, we synthesized SrPtBi2 for the first 
time. Theoretical calculation reveals that Pt-Bi antibonding interaction exists in SrPtBi2 but does 
not induce superconductivity while few Pt-Pt interaction can be found.  
 Guided by the famous bismuthate superconductor, Ba1-xKxBiO3, we successfully observed 
the superconductivity in a known compound, SrSnP, at Tc = 2.3 K. The bonding analysis indicates 
that the Sn-P antibonding interaction and Sr-P bonding interaction are essential in releasing more 
electrons from Sn atom and, thus, provide more possibilities for electrons to form Cooper pair 
which is significant for superconductivity based on BCS theory. 
 Due to the fact that there exist many superconducting Pt-rich materials, the ones with Pt-P 
charge transfer pair were also tested with the success in synthesizing APt8P2 (A = Ca and La) and 
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YbxPt5P. APt8P2 compounds were determined to be non-superconducting above 1.8 K. The 
bonding analyses for them provided the evidence for structural stability. However, YbxPt5P was 
observed to be superconducting below Tc = 0.6 K while large heat capacity anomaly attributed to 





CHAPTER 1. INTRODUCTION TO SUPERCONDUCTORS AND 
EMPIRICAL DESIGN STRATEGIES 
 The first time of superconductivity observation occurred in 1911 when cooling mercury 
down to 4.2 K by Dutch physicist Heike Kamerlingh Onnes and his colleagues1. Besides zero-
resistance, another typical property for superconductors is the Meissner effect which depicts the 
phenomenon that the magnetic field will be expelled in the superconductors when applying 
external magnetic field to superconducting materials below superconducting transition 
temperature (Tc). Therefore, to characterize a superconductor, normally one needs to prove the 
existence of both zero-resistance and diamagnetism.  
 The research on superconductors is essential for the development of quantum computers 
recently. By fabricating superconductors in superconducting quantum circuits, it opens up a new 
area for quantum-information processing2,3. Even if the research and application of such 
superconducting quantum circuits are in the very early stage and extremely limited, according to 
the low operating temperature of the superconducting quantum computing system (millikelvins), 
the significance of superconductors for quantum computers is undoubtful4,5. 
 In this chapter, a brief introduction to superconductivity will be summarized from the 
viewpoint of solid-state chemistry, which includes the mechanism of conventional 
superconductors, classification of superconductors, methods to characterized superconductivity in 
bulk materials. 
1.1 Bardeen–Cooper–Schrieffer (BCS) theory  
 Superconductors can be sorted by whether the superconducting mechanism can be 
explained by BCS theory. The ones of whose mechanism can be explained by BCS theory are 
called conventional superconductors while others are unconventional superconductors. Theorists 
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tried to understand the mechanism besides BCS theory. However, there is no general way to 
describe the superconducting mechanism of unconventional superconductors till now. 
 The BCS theory6 was proposed in 1957 by John Bardeen, Leon Cooper, and John Robert 
Schrieffer. Later, they were awarded the Nobel Prize in Physics for this significant contribution in 
1972. Briefly, the BCS theory describes the microscopic mechanism for superconductivity that the 
electron-electron interactions in superconductors (named Cooper pair) mediated by electron-
phonon coupling is essential to induce superconductivity where phonon is the vibration of lattice, 
as sketched in Figure 1.1. The moving electron in a conductor will attract the nearby lattice (atoms) 
with positive charge. Then it will make the atoms “off centered”. Such temporary disorder will 
generate a positive-charge-rich area and attract another electron with opposite spin to move 
towards this area. Through these motions, two electrons will become correlated (Cooper pair) 
which are mediated by phonon. Just imagine a simple picture where with more and more electrons 
joining the “march”, a collective of such electron pairs will move freely within the lattice since 
there is no collision from the atoms will keep them from moving forward. Note that it was proved 
that in this condition, to break a single pair of electrons in the collective, the energy required is 
equal to the energy to break the whole collective. While the energy from oscillation of the atoms 
is not great enough to break the collective of electron pairs under low temperature, the conductor 
can then conduct electric current without resistance. 
 The BCS theory and its further modification by William L. McMillan were also predicting 
the upper limit of critical temperature of some typical classes of superconductors, such as Pb, Nb, 
Nb3Sn and V3Si, to be 9.2, 22, 28 and 40 K
7 and the following relationship about Tc was given: 






                                                (1.1) 
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where h is Planck constant, D is Debye frequency, kB is Boltzmann constant, N(EF) is the density 
of states (DOS) at the Fermi level (EF) and V is the electron-phonon interaction parameter. This 
upper critical temperature limit of 40 K was usually regarded as the upper limit of Tc for all BCS 
superconductors although McMillan himself did never claim that. The “Tc” of 40 K was then 
exceeded by pressure-induced superconductivity (see section 1.2.5) but found to be correct for all 
electron-phonon coupling induced superconductors under ambient pressure until now.  
 
Figure 1.1 Sketch for the superconducting mechanism from BCS theory. 
 Due to the electron-phonon coupling mechanism, large changes on critical temperatures 
when replacing the elements in conventional superconductors to their isotopes can prove the BCS 
theory, which is called isotope effect. The critical temperatures of BCS superconductors are 
predicted to be proportional to m-1/2 where m is the atomic mass of the isotopes giving by following 
formula:  
                                                                    𝑇𝑐 = 𝐴𝑚
𝛼                                                               (1.2) 
where A is a constant. Note that the observation of isotope effect cannot guarantee the conventional 
superconductivity. Only when a is determined to be close to 0.5, can a main contribution from 
electron-phonon coupling be attributed to superconductivity.  
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1.2 Conventional superconductors  
 To date, there are many conventional superconductors with various structure types having 
been explored. Herein, I will only include a small portion of them that are relatively well-known 
and important for us to generate empirical design rules for novel superconductors.  
1.2.1 Elemental superconductors 
  After the discovery of superconductivity in mercury by Heike Kamerlingh Onnes, Sn (Tc 
= 3.7 K) and lead (Tc = 7.2 K) were soon introduced to the family by him. Some other elemental 
superconductors with relatively high critical temperatures (>5 K) are Nb (9.3 K), Tc (7.5-11.2 K), 
-La (6.3 K) and V (5.03 K).8,9 Nb is now used for superconducting qubits in quantum 
computers10–12. 
1.2.2 High-Hc2 conventional superconductors  
 Superconductivity can be quenched by applying certain strength of magnetic field that is 
called critical field (Hc). Different from type-I superconductors, type-II superconductors have two 
critical fields that are Hc1 and Hc2. The materials show a complete superconducting phase below 
Hc1 but between Hc1 and Hc2, both normal and superconducting states coexist while 
superconductivity will be completely suppressed above Hc2. Type-II superconductors have great 
value in widely practical applications. The high-Hc2 superconductors can be used to produce 
superconducting magnets which have a broad way of use, such as magnetic resonance imaging 
(MRI), nuclear magnetic resonance (NMR), mass spectrometry (MS) etc. The first high-Hc2 
superconductor ever attracted researchers’ attention is Nb3Sn which was first discovered to be a 
superconductor at Tc = 18.1 K by Bernd T. Matthias in 1954
13 In 1961, Kunzler and his coworkers 
found it highly-resistible to magnetic field until 30 T.14 Soon after Nb3Sn was reported, another 
significant high-Hc2 superconductor, NbTi, was discovered to be superconducting below 10 K and 
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superconductivity could last until the external magnetic field reaches up to15 T.15,16 After more 
than a decade, Nb3Ge was synthesized which has a critical temperature of 23.2 K and upper critical 
field (Hc2) of 37 T at 4.2 K.
17  Even though Nb3Sn and Nb3Ge have higher critical temperatures 
and critical fields, NbTi is still the most widely used material in making superconducting magnets 
due to the price and the easiness in fabrication.  
1.2.3 Bismuthate superconductors 
 BaBiO3 adopts in a perovskite structure with tilted BiO6 octahedra (tilting angles ranging 
from 3.5o to 11.5o in different phases under different temperatures) breaking the cubic symmetry 
below ~820 K18. It was identified as a semiconductor with charge density wave (CDW).19,20 There 
is no indication for BaBiO3 that CDW will be weakened with increasing temperature till 973 K 
due to that the average Bi-O distances remain similar with temperature raising up. Interestingly, 
after doping Pb onto Bi site, BaPb1-xBixO3 was found to become a superconductor with Tc = 13 K 
when x = 0.25 in 1975.21 Because of the high Tc but low DOS at EF which is unfavored of high Tc 
according to BCS theory, it attracted much attention since then. In the year of 1988, Cava and his 
coworkers raised the superconducting transition temperature to 30 K that is the critical temperature 
boundary for high-temperature superconductors (HTSCs) and was recorded as the highest Tc oxide 
superconductor besides cuprate superconducting family at that time.22 They introduced K atom 
into BaBiO3 to make K mix with Ba resulting in a cubic structure as illustrated in Figure 1.2 and 
the optimized Tc was reached with doping value of 35%. Further studies revealed that the 
superconductivity in these bismuthate compounds were induced by suppressing the charge 
disproportion of Bi (CDW) in the parent compound BaBiO3, as shown in the phase diagram in 
Figure 1.3 extracted from ref. 25 where one can find that the superconductivity emerges after 
suppression of CDW.23–25 Some other related superconducting systems were reported as the 
6 
 
following works, for instance, double-perovskite-type (Na0.25K0.45Ba)3Bi4O12 with a Tc = 27 K and 
(Ba0.75K0.14H0.11)BiO3-nH2O with a superconductive diamagnetism at Tc = 8 K.
26,27 
 
Figure 1.2 Structural transition of K-doped BaBiO3. 
 
Figure 1.3 Phase diagram of Ba1-xKxBiO3. Reprint permission from ref. 25 (see page 174). 
1.2.4 Transition-metal dichalcogenide superconductors 
 The layered transition-metal dichalcogenides (TMDCs) MX2, where M = Mo, W, V, Nb, 
Ta, Ti, Zr, Hf or Re and X = S, Se or Te, have been investigated for a long period of time due to 
their intriguing electronic and physical properties28–30 for which the low-dimensionality originating 
from their van der Waals type structure, as shown in Figure 1.4a, can be the reason. For example, 
the 2H-TaSe2 shows an incommensurate charge-density wave (ICDW) transition around 123 K 
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which then turns to commensurate CDW (CCDW) at 90 K and later a superconducor at Tc = 0.15 
K.31–33 Moreover, when electron doping was performed in TaSe2 system, the superconducting 
transition temperature increased dramatically, for instance, Te-doped 1T-(Tc-max = 0.73 K) and 3R-
TaSe2 (Tc-max = 2.4 K).
34 The intercalation of transition metal, such as Cu atoms, in between the 
van der Waals layers can also result in the enhancement of superconducting transition temperature, 
see CuxTiSe2 (Figure 1.4b) which has a critical temperature of Tc = 4.15 K when x = 0.08
35 and 
CuxTaSe2 (Tc = 2.6 K when x = 0.15)
36.  
 
Figure 1.4 Crystal structure of (a). 2H-TaSe2; (b). Cu0.08TiSe2. 
1.2.5 Superconductivity under high pressure 
 BCS theory requires high phonon frequency to reach high superconducting transition 
temperature.37 Thus, light-atom-containing superconductors with high phonon frequency were 
under great exploration. Neil Ashcroft predicted in 1968 that the metallic hydrogen could be a 
room temperature superconductor.38 Until now, there are only two research groups claiming that 
they successfully observed the metallic hydrogen phase but neither of them gave evidence about 
the observation of superconductivity.38,39 However, the potential high-temperature 
superconductivity of light-atom-containing superconductors under pressure is still attractive to 
people. One of the great breakthroughs was made in 2015 that Drozdov and his coworkers found 
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that H3S can be superconductive below Tc = 203 K at pressure of 155 GPa with the isotope effect 
confirmed with isotope coefficient  = 0.340 which indicates the possibility of conventional 
superconductivity (see section 1.1). A closer result of isotope coefficient with  = 0.5 was reported 
for pressurized LaH10 in 2019 of which superconducting transition temperature is historically 250 
K under applied pressure of 170 GPa.41 Although the superconducting mechanism in such 
pressurized systems are still under debating,42–45 it is still significant for phonon-mediated-like 
superconductors. 
1.2.6 Fullerides superconductors 
 Fullerene, C60, is a soccer-like allotrope of carbon (see Figure 1.5). From the time that 
Haddon and coworkers found that intercalation of alkali metal atoms into C60 could lead to 
conductive products in 1991, the attempts dedicated to tune the conductivity to superconductivity 
were explosively growing.46 Soon after the discovery of conducting films of C60, many papers 
regarding to the derivatives of fullerenes claimed the observation of superconductivity, such as 
K3C60, RbxC60 and CsxRbyC60.
47–49 Among numerous reported fullerides superconductors, 
CsxRbyC60 holds the highest critical temperature of 33 K. It has been widely accepted that fullerides 
superconductors are belonging to s-wave superconductors since the intramolecular phonons play 
a significant role in driving superconductivity.50 
 
Figure 1.5 Crystal structures of C60 and K3C60. 
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1.2.7 MgB2: the highest Tc among conventional superconductors at ambient pressure 
 After being “ignored” for over 40 years, the critical temperature of intermetallic 
compounds was promoted to Tc = 39 K (in 2001) with a huge surprise of the discovery of the 
superconducting MgB2 where honeycomb-type boron atomic layers are separated by Mg atoms in 
a hexagonal unit cell, as shown in Figure 1.6.51 The light boron atoms mainly contribute to the 
superconductivity in MgB2, as proven by isotope effect on B.
52,53 The lower total isotope effect 
coefficient  = 0.3 for MgB2 can be attributed to the high Tc of this material and smaller electron-
phonon coupling constant and the repulsive electron-electron interaction parameter they used. The 
low price of MgB2 makes it a potential superconductor wire material for future use upon 
appropriate fabrication. 
 
Figure 1.6 Layered crystal structure of MgB2. 
1.3 Unconventional superconductors  
 The established BCS theory proved that magnetism cannot coexist with superconductivity 
in conventional superconductors. Because the magnetic field or moment will be able to interact 
with superconducting electrons. By increasing the energy of one member of Cooper pair and 
lowering the other one, the Cooper pair, which is significant for conventional superconductivity, 
is subsequently broken. Therefore, one intuitive way to determine if a superconductor is 
conventional or not is to see if any magnetic elements or magnetic ordering are existing in the 
compounds. This is a helpful rule, but not absolutely correct. For example, some organic 
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superconductors even do not have a magnetic element, such as (TMTSF)2PF6
54, however, since 
they cannot be explained by BCS theory, they are still categorized into unconventional 
superconductors. Another opposite example regarding to the given rule is the so-called Chevrel 
phase HoMo6S8 (Tc = 1.82 K) where conventional superconductivity is coexistent with an 
oscillatory magnetic state between 0.71 K to 0.61 K (Curie temperature).55 Moreover, conventional 
superconductor AuIn2, in which no magnetic element exists, was found coexistent ferromagnetic 
ordering and superconductivity while In provides superconducting electrons (Tc = 207 mK) and 
nuclear ferromagnetic moments (~37 K).56 Herein, I will show some examples of unconventional 
superconductors discovered until now to help understanding the significance of the investigation 
of superconductors. 
1.3.1 Heavy fermion superconductors (HFSCs) 
  Twenty-two years after the BCS theory established, in 1979, the discovery of a new rare-
earth-containing superconductor, CeCu2Si2, surprises the whole condensed matter physics 
community due to its “unconventional” behavior in forming superconducting Cooper pairs. While 
BCS theory requires phonon-mediated electron-electron pairing mechanism, CeCu2Si2 was 
discovered apparently distinct that quasiparticles with huge effective masses (named heavy 
fermion) were determined to be primary contribution to superconductivity.57 The effective mass 
m* can be intuitively estimated by fitting the electron contribution coefficient  (obtained from C/T 
=  + T2) from heat capacity measurement since it is proportional to  by following equations 
derived from Landau-Fermi liquid theory: 
                                                      𝛾 = 𝑙𝑖𝑚𝑇→0 (
𝐶
𝑇




𝜌∗                                                 (1.3) 
                                                                     𝜌∗ =  
𝑘𝐹
𝜋2ℏ2
𝑚∗                                                         (1.4) 
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where * is the density of states of the quasiparticle, kF is the Fermi momentum, ℏ = h/2 where h 
is Planck constant and kB is Boltzmann constant. The  range is usually from 100 to 1600 
mJ/mol/K2 for HFSCs. For example, 1000 mJ/mol/K2 for CeCu2Si2, 800 mJ/mol
/K2 for UBe13
58 
and 750 mJ/mol/K2 for CeCoIn5
59.  
 
Figure 1.7 Crystal structures of tetragonal HFSCs. Asterisks indicate that superconductivity is 
induced under pressure. 
 As one of the most widely investigated materials family since 1980s, HFSCs adopt various 
structure types and here I show some representative HFSCs categorized by their structure types in 
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Figure 1.7 (tetragonal) and Figure 1.8 (non-tetragonal).60–93 One can easily find that among thirty-
four materials listed, nineteen of them in tetragonal structures while six are orthorhombic, five are 
cubic, three are hexagonal and one is monoclinic. The limited examples may imply that, at least 
for HFSCs, a high-symmetric structure will be favored to host superconductivity than a lower one. 
Moreover, nine of nineteen tetragonal structures are holding BaAl4- or its derivative BaNiSn3-type 
structure which is strongly related to iron-based superconductors (see section 1.3.3.). 
 
Figure 1.8 Crystal structures of non-tetragonal HFSCs. Asterisks indicate that superconductivity 
is induced under pressure. 
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 The most intriguing characteristic in HFSCs is the interplay between superconductivity and 
magnetism. In 2011, it was found that the antiferromagnetism could be the main driving force for 
superconductivity.94 After investigation in years, superconductivity appears at the vicinity of 
magnetism in typical systems, such as CeMIn5 (M = Co, Ir & Rh), CeM2X2 (M=Cu, Au, Rh, Pd, 
Ni; X=Si, Ge), UCoGe, UIr and two other series of high-temperature superconductors, cuprate and 
iron-based superconductors, which will be discussed later. However, superconductivity can also 
emerge within the same temperature region with magnetism in HFSCs, for instance, UPd2Al3, 
UNi2Al3, UPt3, URu2Si2, UGe2, URhGe and recently discovered UTe2
95–97. A representative phase 
diagram for CeCo(In1-xCdx)5 system is presented in Figure 1.9
98. One can find that the 
superconductivity of CeCoIn5 can be suppressed with adjustment of chemical pressure by doping 
Cd onto In site while the antiferromagnetic ordering emerges at the vicinity of superconductivity. 
 
Figure 1.9 Phase diagram of CeCo(In1-xCdx)5 where AFM indicates antiferromagnetic ordering, 
SC represents superconductivity, QCP implies quantum critical point and TN stands for 
antiferromagnetic ordering transition temperature (Neel temperature). Reprint permission from ref. 
98 (see page 175). 
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1.3.2 Cuprate superconductors 
 Although condensed matter physicists all around the world were dedicating to find the 
long-standing ultimate goal, room-temperature superconductor, it still seemed to be difficult before 
the year of 1986 when the record of superconducting transition temperature was “only” 23.2 K 
from Nb3Ge as mentioned in section 1.2.2. The fact that this over-seventy-year search since 1911 
led to a nineteen-Kelvin progress made the jump from 23.2 K to 295 K look impossible and the 
prediction from McMillan that Tcs of BCS superconductors cannot exceed 40 K made it hopeless. 
However, the discovery of a cuprate superconductor, Ba-doped La2CuO4 (LBCO)
99, with Tc = 35 
K in 1986 by J. Georg Bednorz and K. Alex Müller ushered a new era for superconductivity and 
resulted in the Nobel Prize in Physics in the following year. LBCO was surprising people due to 
its low density of states at EF since the high Tc was thought to be occur in a high DOS material, 
such as A15 superconducting materials100. Soon after the significant discovery, the Tc record was 
promoted to 93 K in 1987 attributed to YBa2Cu3O7- (YBCO).
101,102 Until now, the highest Tc under 
ambient pressure has been increased to 133 K for HgBa2Ca2Cu3O8+ (HgBCCO)
103. The Tc of the 
same system was raised to 164 K at applied pressure of 31 GPa104.  
 Over 200 cuprate superconductors can be obtained by doping/self-doping the parent 
compounds, Mott insulators, which are supposed to be conductive according to conventional band 
theory but are in fact insulating due to the strong electron-electron interaction which is not 
considered in conventional band theory and thus typically accompanied with magnetic 
ordering105,106. A general phase diagram upon doping (charge concentration) for cuprate 
superconductors can be found in Figure 1.10a which well demonstrates that the superconducting 
phase appears at the vicinity of antiferromagnetic insulating phase (Mott insulator phase) with a 




Figure 1.10 (a). General phase diagram for hole-doped cuprate superconductors where AFM is 
antiferromagnetic ordering and QCP is quantum critical point. Permission of reprint is obtained 
from ref. 107 (see page 176). (b).  Typical crystal structure of cuprate superconductors.  
 In terms of crystal structure, all of the cuprate HTSCs can be depicted by the following 
formula: AmE2Rn-1CunO2n+m+2 where A = Bi, Pb, Tl, Hg, Cu or rare-earth elements, E stands for 
Ca, Sr, Ba or vacant and R represents Ca, Y or rare-earth elements while n is an integer no less 
than 1 and m is a nonnegative integer106. According to the layered crystal structure shown in Figure 
1.10b, the formula can also be described as (EO)(AO)m(EO){(CuO2)[R(CuO2)]n-1} where 
{(CuO2)[R(CuO2)]n-1} is the active block and (EO)(AO)m(EO) is the charge reservoir block. The 
active block is responsible for flowing superconducting current and the charge reservoir block is 
where doping occurs. Almost all the cuprate superconductors are adopting in tetragonal structure, 
except a small amount of them are in orthorhombic lattice, for instance, YBCO. 
1.3.3 Iron-based superconductors (IBSCs) 
 As described previously, magnetic elements were widely believed to break the electron-
phonon coupling induced superconductivity since they may affect the formation of Cooper pairs. 
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However, unlike other Fe-containing superconducting alloys, such as Th7Fe3
108 and Lu2Fe3Si5
109, 
a series of superconductors including typical magnetic elements, Fe and Ni, reported in 2006 
(LaFePO, Tc ~ 4 K)
110, 2007 (LaNiPO, Tc = 3 K)
111 and 2008 (LaFeAsO1-xFx, x = 0.08, Tc = 26 
K)112 with distinct charge-transfer layers made researchers realize that such “traditional” magnetic 
elements may have some unique interplay with superconductivity. The recent record of Tc for bulk 
IBSCs was achieved by substituting La in LaFeAsO into smaller rare-earth elements which 
resulted in Gd0.8Th0.2FeAsO with Tc = 56 K
113 while Tc = 109 K can be reached in single-layer 
FeSe films on doped SrTiO3
114.  
 Almost all the IBSCs are adopting in tetragonal structures. There are mainly four types of 
IBSCs which are abbreviated as 1111 (e.g. LaFeAsO1-xFx), 112 (e.g. Ba1-xKxFe2As2)
115, 111 (e.g. 
LiFeAs)116 and 11 (e.g. FeSe)117. There are also other types of IBSCs, such as 21311 (e.g. 
Sr2ScO3FeP)
118, 10-3-8 with triclinic structure (e.g. (Ca0.85La0.15FeAs)10Pt3As8)
119, 10-4-8 (e.g. 
(CaFeAs)10Pt4As8)
120 and 112 with monoclinic structures (e.g. Ca1-xLaxFeAs2)
121 The structure of 
four major types IBSCs are summarized in Figure 1.11 with emphasis of Fe-X (X = As/Se) layer 
which is significant for flowing superconducting current. 
 Similar with HFSCs as mentioned in section 1.3.1., magnetism and superconductivity are 
correlated in IBSCs. Typical phase diagram for temperature reflecting to the doping level for 1111- 
and 122-type IBSCs are presented in Figure 1.12. It can be found that the superconductivity (SC) 
can emerge by suppression of antiferromagnetic (AFM) ordering in both types while SC appears 
at the vicinity of AFM ordering in 1111-type but an orthorhombic SC could be found overlapping 
with AFM in 122-type. Moreover, structural phase transition from orthorhombic to tetragonal unit 
cell can also be seen for both types at low temperature. The structural phase transition temperature 
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(Ts) is higher than antiferromagnetic ordering transition temperature (TN) in 1111-type but similar 
with TN in 122-type
122. 
 
Figure 1.11 Crystal structures of four typical IBSCs with emphasis of FeX (X = As/Se) layers.  
 
 
Figure 1.12 Phase diagram of 1111- and 122-type IBSCs where QCP is quantum critical point, SC 
is superconductivity, Tetra. is tetragonal, Orth. is orthorhombic, AFM is antiferromagnetic, and 
PM is paramagnetic. Permission of reprint is obtained from ref. 122 (see page 177). 
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1.3.4 Other superconductors 
 Organic superconductors were firstly discovered in 1980 by D Jérome et al. on 
(TMTSF)2PF6 under pressure of 1.2 GPa with Tc = 0.9 K where TMTSF is 
tetramethyltetraseleniumfulvalene. (TMTSF)2PF6 can be considered as a quasi-one-dimensional 
superconductor54. Later on, more electron acceptor groups instead of PF6, such as ClO4 and AsF6
123 
were investigated while (TMTSF)2ClO4 was determined to be superconducting at Tc ~ 1.4 K under 
ambient pressure124. Other than TMTSF-family, another organic superconducting family was 
discovered in 1984 by Yagubskii et al. in -(BEDT-TTF)2I3 with Tc = 1.4 K under ambient 
pressure125 and the Tc was increased to 8 K by Tokumoto et al. for the same compound but with 
different sample preparation procedures126. A much higher superconducting transition temperature 
of Tc = 11.6 K was achieved by Kini et al. in 1990 for -(ET)2Cu[N(CN)2]Br
127. Similar with all 
three unconventional superconducting systems mentioned above that superconductivity was 
occurring with the suppression of another quantum state, such as antiferromagnetism, some of the 
organic superconductors have alike phase diagram. For instance, according to the results from 
Doiron-Leyraud et al., by tuning the pressure, Tc of (TMTSF)2PF6 was reaching the maximum 
when transition temperature of spin-density-wave was achieving to near 0 K128. 
 Although the superconducting mechanism of quaternary borocarbides superconductors is 
debatable, it is still worth mentioning this fantastic family of superconductors here in the 
unconventional superconductors section since they provided a great platform for researchers to 
investigate the interplay between superconductivity and magnetism. The single-phase quaternary 
borocarbides were firstly discovered by Cava et al. in 1994 claiming that LnNi2B2C (Ln = Y, Tm, 
Er, Ho or Lu) can achieve a high superconducting transition temperature up to 16.6 K for 
LuNi2B2C
129. The high critical temperatures for such intermetallic compounds are rare at that time. 
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Even though there is evidence showing that the major contribution of superconductivity in such 




2 character which implies the antiferromagnetism from Ni atoms is not 
attending inducing superconductivity, the BCS theory, if we consider them as a BCS 
superconductor family, cannot explain the huge anisotropy of the superconducting gap, for 
instance, LuNi2B2C and YNi2B2C
130–135. Moreover, the isotope effect measurements did not 
support the BCS-predicted value ( = 0.5), instead, showed B = 0.2 for YNi2B2C and B = 0.11 
for LuNi2B2C. 
 The motion of electrons can determine how attractive the properties of the materials. 
Usually the most intriguing materials own the so-called strong correlation between the electrons, 
thus the movement of one electron is strongly depending on the electrons surrounding it. Exotic 
physical properties can be found generating from strong correlation in most of the unconventional 
superconductors, for instance, cuprate superconductors, IBSCs and HFSCs. In terms of electronic 
band structure, such strong correlation will be favored to emerge if a “flat band” occurs near EF 
which implies a condensed pack of electronic states where electrons move slowly. Over a decade 
ago, theorists predicted that flat bands may exist in twisted bilayer graphene (TBG) where two 
layers of graphene twist from each other from a specific small angle136–138. Following the guidance, 
superconductivity was incredibly achieved in 2018 by Cao et al. in “magic-angle TBG” where the 
magic angle is 1.05o which yields superconductivity at Tc = 1.7 K as shown in Figure 1.13b
139. 
The structure can be seen in Figure 1.13a. The significance of TBG superconductors is not solely 
reflected in its critical temperature but also that the low carrier density cannot explain the high 
critical temperature through BCS theory, thus, indicating unconventional superconductivity with 
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strong electron correlations. Such highly tunable system would make further investigation on TBG 
or other low-dimensional systems much more approachable.  
 
Figure 1.13 (a). Structure of superconducting twisted bilayer graphene. (b). Temperature 
dependence of four-probe resistance of TBG measured on two devices M1 and M2 with two 
different twisted angles which are 1.16o and 1.05o, respectively. The inset is an optical image of 
M1. Permission of reprint is obtained from ref. 139 (see page 178).  
1.4 Common design strategies for superconductors 
 Although the theory for phonon-mediated superconductors, BCS theory, was established 
for tens of years, the design/prediction of novel superconductors, whether conventional or 
unconventional, is still a difficult and long-standing goal for solid-state chemists, condensed matter 
physicists and material scientists. It is extremely difficult to incorporate every feature of all 
superconductors together and propose a universal “superconducting designing strategy”, thus most 
design strategies for novel superconductors are empirical. Herein, I will try to integrate them with 
chemical perspectives and provide a basic idea about how were researchers seeking for new 
superconductors and what we can do for the long-term project. 
1.4.1 “Matthias’s rules” 
 Bernd T. Matthias, a well-known pioneer for synthesizing novel superconductors in 20th 
century and discovered more than 1000 new superconductors in his life, summarized his rules for 
making superconductors: (1). high crystal symmetry, cubic is the best; (2). high density of states 
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at the Fermi level; stay away from (3). oxygen; (4). magnetism; (5). insulators; (6). theorists140. 
Despite of that his rule number six has already been proven wrong when BCS theory was proposed, 
the rest of the rules considering the materials themselves seem to be imperfect based on cuprate 
superconductors and many other ones.  
 Although these empirical rules are not fully correct, we can still get some hints from them 
and they indeed guided researchers to design new superconductors, such as NbTi, A15 materials 
and A3B-type compounds as mentioned in section 1.2.2. Based on what I summarized in section 
1.2 and 1.3, we can tell that most of these significant superconductors are crystallizing in high-
symmetric structures, e.g. cubic and tetragonal. Meanwhile, comparing with superconductors with 
high crystal symmetry, monoclinic and triclinic ones are absolutely rare. Moreover, 
superconductors in non-centrosymmetric crystal structures, which can be considered as lack of 
high symmetry, are observed infrequently, e.g. CePt3Si (P 4mm), CeRhSi3 (I 4mm) and CeIrSi3 (I 
4mm).  
1.4.2 Tuning the Fermi levels in Mott insulators 
 As a typical example of doping-induced superconductivity, cuprate superconductors, as I 
mentioned in section 1.3.2., were achieved firstly in doping antiferromagnetic Mott insulators 
La2CuO4 where there are odd number of electrons per unit cell and electrons cannot move if every 
possible atomic orbital site is already occupied by another electron, thus the traditional band theory 
regards it as a metal. The basic idea can be easily interpreted by looking at La-doped SrTiO3 where 
SrTiO3 is a band insulator (traditional insulator) and LaTiO3 is a Mott insulator
141. While Ba2CuO4 
is a superconductor synthesized under high pressure and high temperature142, Ba-doped La2CuO4 




1.4.3 Interplaying with charge-density wave (CDW) to induce superconductivity or enhance 
Tc  
 It was well-known that CDW can compete, coexist or cooperate with superconductivity 
somehow in low-dimensional systems (layered compounds)35,143–147. Even though the 
relationship/interplay between CDW and superconductivity is still under debate, people still made 
some progresses onto induced/enhanced superconductivity by suppressing CDW. For example, 
1T-TaS2 shows an incommensurate CDW (ICDW) at 550 K and transits to a nearly commensurate 
CDW at 350 K and finally turns to commensurate CDW at 190 K. By doping onto S site, 
superconductivity can be induced and coexist with CDW state148–153. Another example was 
mentioned previously in section 1.2.3. where high-Tc superconductivity can be induced by 
suppressing the charge disproportion on Bi site in BaBiO3. 
1.4.4 Pressure-induced superconductivity 
 As described in section 1.2.5., superconductivity can be induced/enhanced by applying 
pressure, for example, the previously mentioned LaH10 and H3S. Another famous high-pressure 
superconductor is BaFe2As2, the parent compound of 122-type Fe-based superconductors. While 
applying pressure of 4 GPa, superconductivity can be induced in layered BaFe2As2 single crystals 
below Tc = 29 K. The isostructural and isoelectronic SrFe2As2 has a lower Tc = 27 K at pressure 
of 3 GPa154. 
 Besides applying physical pressure where diamond anvil cell was used to adjust pressure, 
tuning chemical pressure is another fascinating way to induce/enhance superconductivity which 
will be applied in chapter 3. 
1.4.5 Valence electron counting method 
 This is a useful chemical and empirical method when designing new superconductors 
which is also proposed by Matthias. He summarized the “valence-electron concentration (VEC)-
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dependence of superconducting transition temperature” for the compounds he investigated and 
found that in order to get a high-Tc superconductor (at that time), one needs to ensure that the 
number of valence electrons per atom should be around either 5 or 7 valence electrons/atom155. 
Similar result was concluded in the review written by Arndt Simon who indicates two optimal 
values of 4.75 and 6.5 valence electrons per atom156.  
1.4.6 Critical charge transfer pair for superconductors 
 In 2015, my advisor, Dr. Weiwei Xie discovered the superconductivity in Hf5Sb3-xRux and 
brought up an idea about “critical charge-transfer pair” in superconductors that they believe that 
in every superconductor there must be such a critical charge-transfer pair to respond to the 
perturbation and leads to superconductivity157. It was Ru-Sb pair that is the critical charge-transfer 
pair in the reported superconductor. Moreover, such critical charge-transfer pairs can be widely 
believed to exist in many known superconductors such as Fe-As in IBSCs and Cu-O in cuprate 
superconductors. 
1.4.7 Summary 
 By simply summarizing a few existing superconductors’ design strategies/rules and what 
we were using to approach new superconductors, I want to point out that none of these methods 
or any of the current strategies could be functional for every single new superconductor. Therefore, 
what we can do is to make efforts on combining these concepts together and, thus, design new 
compounds with optimal structure types, meanwhile, avoiding detours. 
1.5 Layout of the dissertation 
 Chapter 2 summarizes the experimental and computational methods we utilized in all of 
my projects shown in this dissertation. 
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 Chapter 3 demonstrates the new 122-type compound, BaIr2Ge2, we synthesized by using 
valence electron counting method inspired by BaFe2As2. However, it does not form the optimal 
crystal structure as BaFe2As2, instead, monoclinic structure with space group of P 21/c. Moreover, 
superconductivity was not achieved in this compound above 1.8 K. This work was published on 
Materials on July 18th, 2017. 
 Chapter 4 includes the novel 122-type superconductor, BaPt2Bi2, we designed and 
synthesized with consideration of valence electron counting and chemical pressure. It holds a 
monoclinic structure with space group of P 21/m. Superconductivity was observed through 
magnetic susceptibility, resistivity and heat capacity measurements with Tc = 2.0 K. Antibonding 
interaction from Pt-Bi and Pt-Pt interatomic interactions were considered to play an important role 
in inducing superconductivity proven by LMTO calculation. This work was published on 
Inorganic Chemistry on Feb. 7th, 2018. 
 Chapter 5 describes the new material we synthesized, SrPtBi2, which is also predicted by 
theoretical calculation by using Adaptive genetic algorithm (AGA). The absence of 
superconductivity corresponding with the bonding analysis emphasize that the Pt-Pt antibonding 
interaction may be the crucial point of superconductivity instead of the proposed Pt-Bi antibonding 
interaction shown in Chapter 4. This work was published on The Journal of Physical Chemistry C 
on Feb. 14th, 2018. 
 Chapter 6 is about the superconductivity we observed from the previously reported 
compound SrSnP. Inspired by the bismuthate superconductor K-doped BaBiO3, as mentioned 
before, superconductivity was induced by suppressing the CDW in the parent compound BaBiO3. 
Thus, we want to find another parent compound with similar possible charge disproportion that 
we can dope and induce high-Tc superconductivity. Large single crystals were synthesized and 
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measured the magnetic susceptibility, resistivity and heat capacity. Even though all the doping 
work was failed, all of the measurement consistently confirmed the superconductivity with Tc of 
2.3 K emerging in SrSnP. With electronic structure calculations, we emphasized the importance 
of Sn-P antibonding interaction and discussed the effect from spin-orbit coupling (SOC) effect on 
superconductivity. This work was published on Chemistry of Materials on Aug. 7th, 2018. 
 Chapter 7 is about two new intermetallic compounds, APt8P2 (A = Ca & La), including a 
new charge-transfer pair which is Pt-P pair, which were tested to be non-superconducting above 
1.8 K. The bonding analysis was included to give evidence of the structural stability. This work 
was published on Journal of Alloys and Compounds on May 21st, 2019. 
 Chapter 8 is about the novel rare-earth-containing superconductor with Pt-P charge transfer 
pair, YbxPt5P, we designed and synthesized. We provided the experimental evidence for the 
possible coexistence of both magnetism and superconductivity (Tc ~ 0.35 K) in this material. 
Comparison of samples with different Yb stoichiometry suggests that the relative strengths of 
magnetism and superconductivity can be tuned. This work has been submitted to ACS Central 
Science in 2020. 
 Chapter 9 describes my current research and future prospects for superconductors 
exploration. 
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CHAPTER 2. EXPERIMENTAL AND THEORETICAL TECHNIQUES 
 I will describe the general experimental and theoretical techniques that will be applied in 
the following chapters which help us to identify the crystal structure, characterize the physical 
properties and interpret the structure-property relationship. Specific experimental/theoretical 
details are shown in each chapter. 
2.1 Synthesis 
2.1.1 Starting materials 
The starting materials including their source, melting point, purity and form are listed in 
Table 2.1. Elements were used without any further chemical processing. Among the ten elements 
we used, P (red), Ca, Sr, Ba, La and Yb are stored in the Ar-filled glovebox due to their oxygen- 
and air-sensitivity. Ge, Sn, Ir, Pt and Bi are stable in the air at room temperature. 
Table 2.1 Starting materials utilized in all the synthesizing procedure. The purity of non-rare-earth 
elements is based on their ratio to other metallic elements. The purity of rare-earth elements is 
based on their ratio to other rare earth elements. 










842 >99.99% Granules 




777 99% Granules 
Sn Alfa Aesar 231.9 99.5% Granules 
Ba Alfa Aesar 727 >99% Rod 
La Alfa Aesar 920 ≥99.9% 
Powder 
<200 mesh 
Yb Alfa Aesar 824 ≥99.9% 
Powder 
<200 mesh 









Bi Alfa Aesar 271.5 99.999% lump 
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2.1.2 Sample crucible 
 High-temperature solid state synthesis is usually conducted under temperature above 500 
oC. Therefore, a suitable sample container that can bear such high temperature is necessary. What 
we used in every project is the alumina crucible which can sustain its functionality until 1800 oC 
that is perfectly matching the furnace we used (Tmax = 1100 
oC). The alumina crucible can be 
attacked by rare earth, alkali and alkali earth elements1. Thus, an excess of such elements (usually 
3 at. %) or some typical pretreatment, such as pelletizing the elements, will be needed when 
performing reaction. 
2.1.3 Muffle furnace heating 
 Samples/mixture of elements contained in alumina crucibles were placed into an evacuated 
and sealed silica tube which is refreshed by argon for several times to ensure that there is no air to 
affect the reaction. There are two types of tube settings that we used in the following chapters. For 
the traditional solid-state high-temperature synthetic method, the crucible containing the unreacted 
pellet is put onto a small cluster of quartz wool to ensure the thermal conductivity and prevent the 
tube from breaking during reaction. After reaction, the tube can be either water-/air-/liquid-N2-
quenched or slowly cooled down to room temperature. The former one is usually employed to get 
the high-temperature phase of the product but cannot give good crystallization due to the rapid 
cooling procedure. The later one will be able to give us better crystals and thermodynamically 
stable phase. The other type of tube setting is for flux method which is better for crystal growth. 
When flux method is necessary, besides the setting for traditional one, we also add another dense 
portion of quartz wool with glass pieces on the top above the crucible which are utilized to separate 
the melting flux with the product and catch the flux while centrifuging after the reaction. The 




 The mixtures of metals are melted and reacted under temperature higher than 2000 oC in 
several seconds by an electric arc furnace. The atmosphere is refreshed by high purity argon and 
the possible residual air is removed by heating a Zr chunk before heating the elements mixture. 
The Cu base is cooled by flowing water. The disadvantage of arc-melting method is that the 
temperature of the reaction and the heating/cooling rate are not controllable. Moreover, the high 
temperature and high heating rate can cause the mass loss of elements with low vapor pressure and 
boiling point, such as Ge and Ba. Thus, an excess of such elements is usually added into the system 
to ensure the chemical stoichiometry. 
2.2 Characterization of phase purity, crystal structure, chemical composition and possible 
valence state  
2.2.1 Powder X-ray diffraction (PXRD) 
 Since the obtained product can be inhomogeneous, the determination of the phase purity is 
essential. We employed the PXRD which can provide the purity over the bulk. Nearly 100 mg of 
sample was finely ground and part of them was examined to ensure the homogeneity. Our Rigaku 
MiniFlex 600 powder X-ray diffractometer was equipped with Cu K radiation (=1.5406 Å, Ge 
monochromator). To obtain a precise diffraction pattern with smooth background, the scanning 
time can be up to hours. The final PXRD pattern was refined by Rietveld method with the crystal 
structure information obtained from single crystal X-ray diffraction (see section 2.2.2) by Fullprof 
to get the phase purity2 or Jana2006 to simply fit the pattern3.  
2.2.2 Single crystal X-ray diffraction (SCXRD) 
 SCXRD can provide a three-dimensional crystallographic information which can be 
extremely useful in determination of crystal structure. Moreover, unlike the lab-use powder X-ray 
diffractometer, SCXRD is able to refine the precise vacancies/mixtures on atomic sites. However, 
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since the measured single crystal is usually very small (<50×50×50 m3), it cannot reflect the bulk 
property of the product. Thus, combination of SCXRD and PXRD will provide accurate 
information of the crystal structure and the phase purity. Also, SCXRD is strongly relied on the 
crystal quality, thus, a great crystallization will be needed in most time. To avoid inhomogeneity, 
we measured multiple pieces of crystals from the same batch under either room temperature or 
low temperature (100-300 K) cooling by liquid N2 with a Bruker Apex II diffractometer. It is 
equipped with Mo radiation (= 0.71073 Å). The crystals were protected by glycerol and 
mounted on a Kapton loop to ensure that samples will not move through the measurement. The 
reflections will be collected from multiple directions determined by Bruker APEX3 software 
which can provide accurate symmetry information. To solve the structure, we employed full-
matrix least-squares on F2 models by using direct methods through SHELXTL package4. Bruker 
SMART software was used to acquire data. The corrections on Lorentz and polarization effects 
were accomplished by SAINT program. For some heavy elements we used, such as Ba, Ir, Pt, Bi, 
Sn, La and Yb, there will be strong absorption effect on them due to the number of electrons they 
own. Thus, an absorption correction will be needed for such compound to ensure the accuracy. 
The numerical absorption corrections were done by XPREP, which is based on the face-index 
modeling5,6. 
2.2.3 Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
 The high vacuum SEM (JSM-6610 LV) and EDS were used to determine the chemical 
composition. Samples were held on carbon tape before loading into the SEM chamber. Multiple 
points and areas were examined for each sample to get the molar ratio of elements. Samples were 
analyzed at 15 kV, and spectra were collected for 100 seconds to get the chemical composition via 
TEAM EDAX software. 
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2.2.4 X-ray Photoelectron Spectroscopy (XPS) 
 XPS can be employed to determine the chemical composition and the valence states if 
appropriate references could be found. Our measurement was conducted on a Kratos AXIS 165 
XPS/AES. It was equipped with a standard Mg/Al and high-performance Al monochromatic 
source. The sample was placed into an evacuated chamber (10-9 Torr) at room temperature and, if 
necessary, an argon ion gun will be utilized to remove the possible contaminated surface layer of 
the sample. 
2.3 Physical properties measurements 
 Our physical properties measurements including magnetic property, resistivity and heat 
capacity were performed on either superconducting quantum interference device (SQUID) 
magnetometer (can only perform magnetic property measurements) or Dynacool Quantum Design 
physical property measurement system (PPMS) from 300 to 1.8 K with, if necessary, applied 
magnetic field from 0 to 9 T. Herein, I will introduce some of the data interpretation and fitting. 
2.3.1 Magnetic property measurement 
 Magnetic susceptibility can be measured by both SQUID and PPMS with ACMS/VSM 
function. SQUID and VSM are more sensitive to magnetic moment than ACMS. The magnetic 
susceptibility describes how much a material can be magnetized in the external magnetic field. For 
a superconductor, as I mentioned in chapter 1, due to the existence of Meissner effect, the magnetic 
susceptibility, which is defined as  = M/H where  is magnetic susceptibility, M is magnetic 
moment and H is external magnetic field, will become negative once the temperature goes below 
the Tc. With the temperature decreasing below Tc, the temperature-dependence of  will keep 
going down and finally reach a plateau which implies that the superconductor has been completely 
superconducting. Thus, the value of volume magnetization (4V = 4/V, V is volume of the 
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material in cm3) is strongly related to the portion of superconductor in the material. When 4V is 
close to 1, the whole material bulk is supposed to be under superconducting state which indicates 
that the material is nearly pure. However, sometimes the volume magnetization can be bigger than 
1 which is due to the demagnetization effect and it also depends on a sample shape and its relative 
orientation to direction of the external magnetic field. 
 For some magnetic matters, magnetic susceptibility can be fitted by Curie-Weiss (C-W) 
law describing as the following formula: 
                                                                        = 
𝐶
𝑇−𝜃𝐶𝑊
                                                           (2.1) 
where CW is Curie-Weiss temperature and C is a constant depends on materials. The effective 
moment eff can be obtained by  
                                                                       eff = √8𝐶 B                                                       (2.2) 
where B is Bohr magneton. For those that the C-W law cannot describe very well, a modified C-
W formula will be applied: 
                                                                       = 
𝐶
𝑇−𝜃𝐶𝑊
 + 0                                                     (2.3) 
where c0 is a temperature-independent constant. 
2.3.2 Resistivity measurement 
 Resistivity  is defined as  = 𝑅
𝐴
𝑙
 where R is the measured resistance, A is the area of 
cross-section and l is the length of the material. For a superconductor, the observation of zero-
resistivity is mandatory. Therefore, the temperature dependence of resistivity curve will drop to 
zero below Tc. Above the Tc, the shape of such curve is depending on the electronic structure of 




where 0 is residual resistivity caused by defect scattering, A is a constant and n is an integer 
relying on the interaction patterns.  
2.3.3 Heat capacity measurement 
 The temperature dependence of heat capacity curve can reflect the phase transition 
happening in the material with temperature revolution. In the case for superconductor, the heat 
capacity Cp is composed of two parts at low temperature which are the electronic component and 
phononic component and can be described in this formula: 
                                                                        𝐶𝑝 =  𝛾𝑇 +  𝛽𝑇
3                                                  (2.4) 
where  is the Sommerfield parameter which is related to electronic contribution and  is 
proportionality constant which is related to phonon. For weak coupling BCS superconductors, the 
normalized superconducting anomaly jump identified as C/Tc is 1.43 which can be a standard 
to determine the weak coupling BCS superconductors. 
 As described in section 1.3.1, the heavy fermion superconductors have other extensions of 
heat capacity fitting equations which is related to the effective mass m*. 
2.4 Theoretical calculations 
2.4.1 Wien2k calculation 
 Electronic band structure, density of states (DOS) and total energy of the materials are 
calculated by wien2k program in some of the projects shown in this dissertation. The wien2k 
program is developed to conduct theoretical calculations for periodic solids. The full-potential 
(linearized) augmented plane-wave and local-orbitals [FP-(L)APW+lo] basis sets are applied7,8. 
The lattice parameters and the atomic sites information used in the calculation were obtained from 
SCXRD. Electron correlation was treated within the generalized gradient approximation. The 
electron exchange-correlation potential was utilized with parametrization by Perdew et al. (e.g. 
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LDA)9. Conjugate gradient algorithm was employed with an energy cutoff of 500 eV. The k-point 
mesh and the reciprocal space were determined depending on different materials. The calculated 
total energy was converging to smaller than 0.1 meV per atom10. Spin-orbit coupling effect was 
applied onto heavy elements, such as Pt and Bi, only. 
2.4.2 TB-LMTO-ASA calculation 
 We used the Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation 
(TB-LMTO-ASA) with Stuttgart code to calculate the Crystal Orbital Hamiltonian Population (-
COHP) curves and perform bonding analysis according to the results11-13. The lattice parameters 
and the atomic sites information used in the calculation were obtained from SCXRD. In the ASA 
method, the unphysical “empty spheres” called Wigner-Seitz (WS) spheres were applied to fill the 
space between the atoms where the symmetry of the potential is treated as spherical. The 
disadvantages of LMTO-ASA methods are obvious that firstly, it will ignore the symmetry 
breaking terms with discarding the non-spherical parts of the electron density and secondly, the 
interstitial region is not treated as LMTO replaces the MT spheres by space filling Wigner spheres. 
Thus, it is pretty hard to compare compounds with same chemical composition in different 
structures due to the fact that the overlaps and the number of empty spheres can be different. 
2.4.3 VASP calculation 
 The Vienna ab initio simulation package (VASP) was also applied into calculating the band 
structure and DOS in part of the projects. They were computed on the basis of projector 
augmented-wave (PAW) pseudopotentials adopting with Perdew-Burke-Ernzerhof generalized 
gradient approximation (PBE-GGA) implemented in VASP14. The lattice parameters and the 
atomic sites information used in the calculation were obtained from SCXRD. The k-points mesh 
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was decided depending on different samples while the energy cutoff was set to 400 eV. Spin-orbit 
coupling effect was added onto heavy elements. 
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CHAPTER 3. NEW MONOCLINIC 122-TYPE BaIr2Ge2 WITH CHANNEL 
FRAMEWORK: A TRANSITION FROM CLATHRATE TO LAYERED 
COMPOUNDS 
3.1 Design strategy 
 The famous 122-type IBSCs, i.e., K-doped BaFe2As2, consists of the Fe-As charge-transfer 
pair which is critical to the superconductivity and magnetic ordering. By using the valence electron 
counting method, the BaFe2As2 has totally 28 electrons (5.6 electrons/atom). Therefore, we 
proposed the new Ir-Ge electron pair in the new compound BaIr2Ge2 which also has a total electron 
counting of 28. With similar chemical composition (122-type) and identical valence electron 
counts, we were pursuing a new 122-type superconductor. 
3.2 Introduction 
 Quasi-two-dimensional (2D) layered intermetallic compounds attract broad interest in 
condensed matter physics and solid-state chemistry for their various physical and structural 




4. In addition to the high temperature 
superconductors, layered compounds host other strong quantum thermal and spin fluctuations, for 
example, charge-density-waves (CDWs)5 and spin-density-waves (SDWs)6. Structurally, many 
two-dimensional layered intermetallics, especially of the 122-type, can be traced back to the parent 
structure, body-centered tetragonal BaAl4 (space group I4/mmm)
7,8. In BaAl4, the Al atoms, on 
two independent crystallographic (4d and 4e) sites, form Al@Al4 tetrahedral layers separated by 
Ba atoms. Derived from BaAl4, two major ternary intermetallic families are the ThCr2Si2 and 
CaBe2Ge2-types, with 4d and 4e sites occupied by transition metals (T) and metalloids (M)
9,10.  
* Chapter 3 previously appeared as Gui, X.; Chang, T. R.; Kong, T.; Pan, M. T.; Cava, R. J.; Xie, 
W. Monoclinic 122-Type BaIr2Ge2 with a channel framework: A structural connection between 




Identical by symmetry through the body centering, the ThCr2Si2 structure contains two equivalent 
T2M2 layers per cell. Not only are high Tc Fe-based superconductors known in this structure, but 
strongly correlated electron behavior and magnetic ordering transitions tuned by chemical and 
physical pressure are also observed11. In contrast to ThCr2Si2, the primitive tetragonal CaBe2Ge2 
structure consists of alternating T2M2 and M2T2 layers. Currently, no high Tc superconductors have 
been reported in the CaBe2Ge2 structure; but many exotic properties are found for materials in this 
structure, such as multiple bands leading to the coexistence of charge density waves and 
superconductivity in SrPt2As2
12. By removing the inversion center from the BaAl4 structure, non-
centrosymmetric CeCoGe3 and CePt3Si form, for example
13,14, offering hosts to study 
superconductivity in non-centrosymmetric structures. Finally, clathrates, which form in different, 
related structure types, are based on frameworks made primarily of Si, Ge, or Sn (with some M 
included) with the large atoms are found within the framework cages and are generally known to 
be semiconducting thermoelectrics, although a small number are known to be superconducting15–
17. 
 The chemical stabilities of many 122-type AT2M2 compounds can be interpreted using 
Zintl-Klemm concepts18. In these compounds, the polyanion T2M2 layers and intermediary cation 
layers alternate along the stacking (c) axis. From the chemical perspective, the differences in the 
electronegativity of the layers determine whether insulating, semiconducting, semimetallic, or 
metallic behavior is observed19. Here, we report our recent discovery of the 122-phase BaIr2Ge2. 
The clathrate-like channel framework of BaIr2Ge2 can be regarded as an intermediate structure 
between clathrate and the normally layered compounds with 122 stoichiometry. The new structural 
motif for a heavy metal 122 germanide offers a new platform to study structure-property 
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relationships in such compounds. The crystal structure, basic electronic and magnetic properties, 
and calculated electronic structure are presented in the following. 
3.3 Experimental section 
3.3.1 Synthesis of monoclinic BaIr2Ge2 
 The synthesis of BaIr2Ge2 was performed by arc melting methods, similar to that used for 
the synthesis of BaIrGe3
20. Starting materials were barium (>99%, rod, Alfa Aesar, Ward 
Hill, Massachusetts, United States), iridium (99.9%, powder, ~325 mesh, Alfa Aesar) and 
germanium (99.9999%, pieces, Alfa Aesar). The Ir and Ge were weighed in a 1:1 atomic ratio and 
were arc-melted together under a high purity, Zr-gettered, argon atmosphere. The monoclinic 
BaIr2Ge2 phase was obtained by arc-melting the shiny IrGe droplet and Ba pieces (at 50% excess). 
BaIr2Ge2 was stored in the glove box due to its sensitivity to both air and moisture. To investigate 
the phase stability at different temperatures, we put the as-cast samples into an alumina crucible, 
which were subsequently sealed in an evacuated (10-5 torr) quartz tube and were annealed at 800 °C 
or 1000 °C for four days. After annealing, the BaIr2Ge2 compound decomposed to IrGe and 
unidentified phases. 
3.3.2 Phase identification 
 Powder X-ray diffraction data was collected using a Rigaku MiniFlex 600 powder X-ray 
diffractometer (Rigaku, Tokyo, Japan) equipped with Cu K radiation (λ = 1.5406 Å, Ge 
monochromator). A Bragg angle 2 ranging from 5° to 60° with a 0.01° step with a fast scanning 
mode was employed due to the air-sensitivity of BaIr2Ge2. The patterns were analyzed using the 
LeBail method with Jana200621. (Lower panel in Figure 3.1) The calculated pattern in Figure 3.1 
(upper panel) was generated using the crystal structure determined from the single crystal X-ray 




Figure 3.1 Powder X-ray diffraction pattern of BaIr2Ge2 (Cu Kα radiation, 300 K). Lower—
observed pattern; Upper—calculated pattern with marked Miller indices (hkl) based on the single 
crystal structure.  
3.3.3 Single crystal structure determination 
 More than five small single crystals (~0.01 × 0.01 × 0.05 mm3) from the arc-melted 
samples of BaIr2Ge2 were tested to probe the homogeneity of the new phase. A Bruker Apex II 
diffractometer (Bruker, Billerica, Massachusetts, United States) with Mo radiation (λKα = 0.71073 
Å) was utilized to analyze the sample. The single crystals protected with glycerol were mounted 
on a Kapton loop (MiTeGen, New York, United States) and scanned with a 2θ range of 5–65° at 
room temperature. The exposure time was set as 10 seconds per frame, and the width of scans was 
0.5°. To solve the crystal structure, we used direct methods and full-matrix least-squares on F2 
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within the SHELXTL package22. Bruker SMART software was applied to make data acquisition, 
intensity extraction, and corrections for Lorentz and polarization effects23.  
3.3.4 Magnetic properties measurements 
 A quantum design physical property measurement system (PPMS) Dynacool (Quantum 
Design, San Diego, California, United States) was used to measure the basic magnetic and 
electronic properties of BaIr2Ge2. A range from 0 T to 9 T magnetic field at 1.8 K was applied to 
obtain the field-dependent magnetization. Temperature-dependent magnetization measurements 
were performed under a magnetic field of 5 T. The 4-probe, zero-field, resistance measurements 
were carried out in the temperature range from 1.8 K to 300 K.   
3.3.5 Electronic structure calculations 
 Crystal orbital Hamilton population (COHP) calculations using the tight-binding  
linear-muffin-tin-orbital (TB-LMTO) method were performed to analyze the atomic interactions 
in BaIr2Ge2 and its chemical stability. The k-point mesh in the Brillouin zone was set up as 7 × 8 
× 7 to perform the calculations. The electronic structures including the density of states (DOS) and 
the band structure of BaIr2Ge2 were calculated using the Vienna Ab initio Simulation Package 
(VASP) based on density functional theory (DFT)24 with the use of the generalized gradient 
approximation (GGA)25. Spin-orbit coupling (SOC) was included for all the atoms. The cutoff 
energy was set at 500 eV. A 7 × 8 × 7 Monkhorst-Pack k-point mesh with the linear tetrahedron 
method was used to perform the calculations. The convergence criterion was set to less than 0.1 
meV per atom. 
3.4 Results and discussion 
 According to previous research, most 122-type compounds involving alkali-earth metals, 




18,26–33. However, only two reported compounds, BaRh2Si2 and BaIr2Si2, crystallize 
in BaRh2Si2-type structure
34. Different from CaBe2Ge2 and ThCr2Si2, which are of the tetragonal 
layered unit cell, BaRh2Si2 structure belongs to the monoclinic system. Our synthetic exploration 
of BaIr2Ge2 has BaRh2Si2 structure type according to the single crystal X-ray diffraction. Their 
crystal structures will be discussed in a subsequent section. 
3.4.1 Phase identification and structure determination of BaIr2Ge2 
 The existence of the new BaIr2Ge2 phase was first seen through the analysis of the powder 
X-ray diffraction data. Single crystal X-ray diffraction was then used to determine the chemical 
structure and compositions of BaIr2Ge2. The crystal structure determined is similar to that of 
BaRh2Si2. The powder XRD pattern was successfully indexed and refined using the crystal 
structure obtained from single crystal XRD. The refined lattice parameters of BaIr2Ge2 are slightly 
larger than the ones observed in BaIr2Si2, which is reasonable due to the atomic radius difference 
between Si and Ge. The results of the diffraction investigation are summarized in Tables 3.1 and 
3.2 which include the atomic positions, site occupancies, and isotropic thermal displacements. 
Results for refinements using anisotropic thermal displacements are summarized in Table 3. The 
BaIr2Ge2 structure crystallizes in the primitive monoclinic space group P21/c (No. 14) with 20 
atoms per unit cell distributed among five crystallographic sites in each unit cell. Mixed site 
occupancy models have been tested to show whether the atomic distribution in BaIr2Ge2 is ordered 
and stoichiometric. The crystal structure, shown in Figure 3.2, is based on an Ir-Ge channel filled 
with Ba atoms. The view along the a-axis, illustrated in Figure 3.2a, emphasizes the Ba-filled Ir-
Ge framework. Each of the Ir atoms is surrounded by four Ge atoms, forming irregular tetrahedra; 
similarly, Ge atoms are surrounded by four Ir atoms. The Ir-Ge distances range from 2.40 Å to 
2.50 Å. The Ir@Ge4 and Ge@Ir4 clusters share edges and form the channel along the a-axis. The 
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diameter of the columnar channel is approximately 6.45 Å, which is sufficient for hosting some 
small chemical molecules (with the Ba removed), such as carbon dioxide and methane. 
Table 3.1 Single crystal crystallographic data for BaIr2Ge2 at 299 (2) K. 
Refined Formula BaIr2Ge2 
Formula weight (F.W.) (g/mol) 666.92 
Space group; Z P21/c (No. 14); 4 
a (Å) 8.204 (5) 
b (Å) 6.625 (4) 
c (Å) 7.959 (5) 
β (°) 94.27 (1) 
V (Å3) 431.4 (4) 
Extinction Coefficient 0.00061 (9) 
θ range (deg) 2.489–32.085 
hkl ranges 
−12 ≤ h ≤ 2 
−9 ≤ k ≤ 9 
−11 ≤ l ≤ 10 
No. reflections; Rint 9731; 0.0925 
No. independent reflections 1483 
No. parameters 47 
R1: ωR2 (all I) 0.0503; 0.0872 
Goodness of fit 0.954 
Diffraction peak and hole (e−/Å3) 3.812; −3.705 
Table 3.2 Atomic coordinates and equivalent isotropic displacement parameters for BaIr2Ge2 in 
space group P 21/c. Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2). 
Atom Wyckoff. Occ. x y z Ueq 
Ba1 4e 1 0.2318 (1) 0.8818 (2) 0.4993 (2) 0.0116 (3) 
Ir2 4e 1 0.6260 (1) 0.8959 (1) 0.1069 (1) 0.0074 (2) 
Ir3 4e 1 0.8532 (1) 0.6648 (1) 0.3334 (1) 0.0077 (2) 
Ge4 4e 1 0.5560 (2) 0.8515 (3) 0.8069 (3) 0.0088 (4) 
Ge5 4e 1 0.9282 (2) 0.9171 (3) 0.1356 (3) 0.0091 (4) 
Table 3.3 Anisotropic thermal displacements from BaIr2Ge2. 
Atom U11 U22 U33 U23 U13 U12 















Ge4 0.0083(9) 0.0097(12) 0.0082(10) -0.0008(9) -0.0002(7) 0.0012(8) 




3.4.2 Structural comparison of the different 122 phases 
 The results of the analysis of the bonding interactions using the crystal orbital hamilton 
population (COHP) method are shown in Figure 3.2e. The atomic interactions between Ir and Ge 
in the Ir-Ge polyanion framework dominate the atomic interactions in BaIr2Ge2. The Fermi level 
is located in the non-bonding parts in the COHP, which indicates that the structure of BaIr2Ge2 is 
electronically stable.  
 The combination of alkaline-earth elements, a group of 14 metalloids, and Co group metals 
(Co/Rh/Ir) in a 122 atomic ratio yields three 122-type phases—the BaRh2Si2-type (Pearson 
Symbol, mP20), the ThCr2Si2-type (Pearson Symbol, tI10), and the CaBe2Ge2-type (Pearson 
Symbol, tP10). To estimate the structural preferences, the total energies of BaIr2Ge2 in different 
122-type structures were calculated using WIEN2k codes. According to calculations for the total 
energies of these structures, the BaRh2Si2-type gives the lowest energy for BaIr2Ge2, which agrees 
with our experimental observations. 
3.4.3 Structural connections between clathrate and layered compounds 
 The other interesting ternary compounds in the Ba-Ir-Ge system are the body-centered 
tetragonal superconductor, Ba3Ir4Ge16
35 and non-centrosymmetric tetragonal BaIrGe3
36. As shown 
in Figure 3.3, Ir-centered square pyramids, symmetrical pentahedra, and irregular,  
non-symmetrical tetrahedra are formed in BaIrGe3, Ba3Ir4Ge16,
 and BaIr2Ge2, respectively. The 
crystal structure of the superconductor Ba3Ir4Ge16 reveals that it contains the unique edge-shared 
crown-shaped Ba@Ge16 polyhedra
35. The systems with heavy cations “rattling” inside the 
oversized lattice cavities are called clathrate type structures. Moreover, the open channels around 
the chains filled with electropositive metals can be considered as clathrate-like structure forms16. 
Accordingly, BaIr2Ge2 can also be regarded as the clathrate-like compound with Ba rattling inside 
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the open chains, which consist of edge-sharing Ir@Ge4 irregular tetrahedra in Figure 3.3. One can 
easily see that BaIrGe3 is a layered compound with Ir centered in the vertex-sharing Ge square 
pyramids along the ab-plane. Therefore, the clathrate-like BaIr2Ge2 structure is likely an 
intermediate structure between regular clathrate and layered structures. 
 
Figure 3.2 Crystal structure of monoclinic BaIr2Ge2 refined by single crystal X-ray diffraction. (a) 
View down the a-axis; (b) View down the b-axis; (c)The IrGe framework. The channels running 
along the a-axis have a channel of diameter ~6.45 Å; (d) close-up of the framework structure 
showing the Ir-Ge bond lengths; (e) Crystal orbital hamilton populations (-COHP) calculation 
emphasis on the Ir-Ge, Ir-Ir, and Ge-Ge interactions. 
3.4.4 Magnetic properties of monoclinic BaIr2Ge2 
 To further study the physical properties of BaIr2Ge2, magnetic measurements were carried 
out. First, no superconductivity was observed above 1.8 K (in low applied field (20 Oe) 





Figure 3.3 Structural comparison of 122-type phases. (a) Clathrate structure of Ba3Ir4Ge16; (b) 
Channel framework of BaIr2Ge2; (c) Layered structure of BaIrGe3; (d) The symmetrical 
pentahedron in Ba3Ir4Ge16; (e) The irregular, non-symmetrical tetrahedron in BaIr2Ge2; (f) The 
square pyramid in BaIrGe3. 
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susceptibility, presented in Figure 3.4 (Left, Main Panel), is dominated by core diamagnetism; the 
magnetic susceptibility of the material is around −6 × 10−2 emu/g. The magnetic isotherm 
measurements in Figure 3.4 (Left, Inserted) showing diamagnetic behavior at 1.8 K are in 
agreement with the temperature-dependent magnetization. This indicates that the paramagnetic 
contribution of conduction electrons to the observed susceptibility is small, which is indirect 
evidence to support the Zintl-like characteristics of BaIr2Ge2. The resistance measurements in 
Figure 3.4 (Right) show a metallic behavior with a residual resistance ratio of ~5. 
3.4.5 Electronic structure calculations 
 Electronic calculations were carried out to evaluate and analyze the electronic density of 
states (DOS) and band structure, which can help provide a better understanding of the structural 
stability and physical properties of BaIr2Ge2. The partial DOS curves (Figure 3.5a) emphasize the 
contributions from the valence orbitals of each atom and show that the Fermi level (EF) lies in a 
 
Figure 3.4 Basic electronic and magnetic characterization of BaIr2Ge2. (Left: Main Panel) 
Temperature-dependent magnetic susceptibility (M/μ0H at μ0H = 5 T) and (Left: Inserted) field-
dependent magnetization measurements showing the near linearity of M (magnetization) vs H 
(magnetic field) for fields beyond 5 T at 1.8 K, justifying the use of the a high applied field in the 
measurements; (Right) Zero-field resistance data from 1.8 K to 300 K.  
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broad pseudo gap in the DOS. This is indicative of the chemical stability of the compound, and 
also, due to the low density of states, is consistent with the diamagnetism and metallic resistivity 
observed (see below); no saddle point is seen in the band structure in the vicinity of the Fermi 
level, making the lack of observed superconductivity above 1.8 K consistent (again, see below) 
with some ideas for what gives rise to superconductivity in many compounds37. Based on the 
comparison of the electronic structure results with and without the inclusion of spin-orbit coupling,  
 
Figure 3.5 Calculated electronic band structure and density of states (DOS) of BaIr2Ge2 using 
generalized gradient approximation (GGA). (a) Band structure and DOS with spin-orbit coupling 
emphasis on the energy range from −7 to +7 eV; (b) Band structure calculated by GGA without 
spin-orbit coupling; (c) Band structure calculated by GGA with spin-orbit coupling. 
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the major impact of the SOC near the EF is a band splitting into states derived primarily from the 
6s/5d orbitals of the Ir atoms, see Figure 3.5d. We speculate that doping with electronegative 
elements like P or A may induce a metal-insulator transition (MIT) in BaIr2Ge2. 
3.5 Conclusions 
 The new BaIr2Ge2 compound, with monoclinic structure P21/c (S.G.14), was successfully 
synthesized using arc-melting. The crystal structure of BaIr2Ge2 shows a clathrate-like channel 
framework of Ir-Ge, which can be regarded as an intermediate structure between clathrate and 
layered compounds. Electronic structure calculations and chemical bonding interactions of 
BaIr2Ge2 were investigated to help understand the chemical stability of the compound and its 
properties. Magnetic measurements indicate diamagnetic susceptibility of BaIr2Ge2 without the 
observation of superconductivity down to 1.8 K. The resistivity measurements indicate metallic 
properties for BaIr2Ge2, and electronic structure calculations are consistent with the observed 
behavior. Future efforts will be focused on inducing a metal-insulator transition in BaIr2Ge2. 
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CHAPTER 4. Pt-Bi ANTIBONDING INTERACTION: THE KEY FACTOR 
FOR SUPERCONDUCTIVITY IN MONOCLINIC BaPt2Bi2 
4.1 Design strategy 
 One of the most famous structure types is BaAl4-type structure which is the parent structure 
type of some unconventional superconductors, such as 122-type heavy fermion superconductors 
and Fe-based superconductors. BaAl4 structure type has two important subgroups in terms of 
superconductors. The first one is CaBe2Ge2-type structure. SrPt2As2 is one of the superconductors 
coexisting with charge density wave with this structure type. The other subgroup is ThCr2Si2-type 
structure which is the structure type that 122-type Fe-based superconductors hold. Thus, these 122-
type structures might be one of the best structure types to hold both conventional and 
unconventional superconductivity. A group of 122-type compounds containing Sr/Ba, Pd/Pt and  
Sb/Bi with molar ratio of 1: 2: 2 that crystallize in the mentioned structure types or distorted ones 
were found. SrPd2Sb2, SrPd2Bi2, SrPt2Sb2 and BaPt2Sb2 were all reported to be superconductors. 
Moreover, bismuth, as the heaviest non-radioactive element, has a strong spin-orbit coupling effect. 
Thus, we were wondering if the non-reported compound BaPt2Bi2 is a superconductor. 
4.2 Introduction 
 The prediction of new superconductors is still an evasive goal for the solid-state scientists. 
From the synthetic aspect, the most prominent challenge is to translate the physics of 
superconductivity into chemical requirements for new superconducting materials. A long-standing 
strategy for finding new superconductors is to assume that superconductivity exists in a favored 
structural motif. AM2X2 compounds (referred as 122-type) with layered tetrahedral framework 
* Chapter 4 is reprinted with permission from Gui, X.; Xing, L.; Wang, X.; Bian, G.; Jin, R.; Xie, 
W. Pt–Bi Antibonding Interaction: The Key Factor for Superconductivity in Monoclinic 





structures are widely accepted as the ideal charge-transfer-tunable systems.1-2 In particular, 
materials in the body-centered tetragonal ThCr2Si2-type structure are well studied for their usual 
magnetic and superconducting properties.3 A smaller number of superconducting materials 
crystallize in the primitive tetragonal CaBe2Ge2-type structure (S.G.129).
4-5 Although 
superconductivity was also discovered in the phase at the edge of phase transition between 
CaBe2Ge2- and BaAu2Sb2-type
6, there is no evidence for superconductivity in monoclinic 
BaAu2Sb2–type structure.
7 From the structural viewpoint, the ThCr2Si2-type structure has two 
equivalent M2X2 layers per unit cell, while both the CaBe2Ge2- and BaAu2Sb2-type structures 
contain alternating M2X2 and X2M2 layers with a small electronegativity difference between M 
and X.8 To search for superconductivity in BaAu2Sb2-type monoclinic structure, we choose an 
unexplored system based on Ba-Pt-Bi. For the first time, we have successfully synthesized 
BaPt2Bi2 compound. Our structural characterization reveals the BaAu2Sb2-type monoclinic 
structure. Both the electrical resistivity and magnetic susceptibility indicate superconducting 
transition at 2.0 K. We explore the origin of superconductivity by comparing its electronic 
structure with non-superconducting BaPd2Bi2. 
4.3 Synthesis crystal structure and phase purity of BaPt2Bi2 
 Polycrystalline samples of BaxPt2Bi2 (x= 1.0, 1.05, 1.1, 1.2, 1.3, and 1.5) were prepared by 
the high-temperature solid-state synthetic method with elemental barium (>99%, pieces, Alfa 
Aesar), powder platinum (99.98%, ~60 mesh, Alfa Aesar), bismuth (99.999%, lump, Alfa Aesar). 
Both elemental platinum and bismuth are ground together and mixed with appropriate amount of 
barium pieces in the glovebox.1 The mixture of three elements was pelletized and placed into an 
alumina crucible which was subsequently sealed into an evacuated (10-5 torr) quartz tube. The 
following treatment was taken at 850 °C with a heating rate of 1 °C/min and then held for 2 days. 
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A treatment of 600 °C with a rate of 1 °C/min was also taken. However, only PtBi could be 
obtained as the major phase. After annealing, the quartz tube was quenched by air. All samples 
were stored in the glovebox due to the air-sensitivity and moisture-sensitivity. Elemental platinum 
(99.98%, ~60 mesh, Alfa Aesar) and bismuth (99.999%, lump, Alfa Aesar) were ground into 
powder and mixed uniformly and were then pelletized. The pellet was put into a quartz tube which 
was subsequently sealed under evacuated environment (10-5 torr). A heating treatment at a rate of 
1 °C/min was carried out and held at 850 °C for 48 hours. The whole tube was quenched by air 
after the treatment. The samples are sensitive to both moisture and air.  
 A Rigaku MiniFlex-600 powder X-ray diffractometer equipped with Cu K radiation used 
to examine the phase information. Finely ground samples covered by Kapton thin-film were 
examined by powder X-ray diffraction for phase identification on a Rigaku MiniFlex 600 powder 
diffractometer employing Cu radiation (K=1.5406Å). The scattered intensity was measured with 
Bragg angle (2) ranging from 0° to 90° at a rate of 0.8°/min using a scintillation detector with a 
step of 0.01° 2 in step scan mode. The resulting profile residuals Rp is 9.06% with weighted 
profile residuals Rwp 12.51%. The refined lattice parameters for BaPt2Bi2 (P21/m, a = 4.9694(2) Å, 
b = 4.8474(2) Å, c = 10.6463(4) Å, b= 91.912(2)º ) showed a consistent result compared to the 
single crystal X-ray data. The refinement was carried out by using LeBail mode with JANA 2006.9-
10 The 1.05:2:2 ratio yields the BaPt2Bi2 with the lowest amount of impurity. The products from 
Ba1.05Pt2Bi2 loading composition was used for future structural and physical properties 
measurement. New ternary compound BaPt2Bi2 crystallizes in the monoclinic BaAu2Sb2-type 
structure, similar to BaPd2Bi2. A small amount of PtBi (~10%) coexists as the minor impurity 
phase according to the powder X-ray refinement.11 For the X-ray powder diffraction patterns, as 
shown in Figure 4.1(A), all scale factors and lattice parameters were refined using LeBail fitting, 
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whereas the atomic sites or displacement parameters of all atoms were not refined. Analysis of 
samples, from both single crystals and SEM, confirms BaPt2Bi2 chemical composition, as shown 
in Table 4.1 and Figure 4.2. 
 
Figure 4.1 (A)Powder XRD pattern for BaPt2Bi2. The blue points and red line represent observed 
and calculated intensities, respectively. Peak positions for BaPt2Bi2 and the PtBi impurity are 
labeled by olive and orange vertical bars, respectively. (B)(Left) Schematic crystal structure of 
BaPt2Bi2 emphasizing the Pt2Bi2 and Bi2Pt2 tetrahedral layers. (Right) View along the [100] 
direction. (Green: Ba; Blue: Pt; Pink: Bi) 
Table 4.1 The chemical composition obtained from Scanning Electron Microscope Energy 
Dispersive X-ray Spectroscopy (SEM-EDS) and the average. 
 Ba% (Error%) Pt% (Error%) Bi% (Error%) 
1 23.74 (7.53) 40.78 (2.80) 35.48 (3.94) 
2 23.12 (7.40) 40.87 (2.77) 36.00 (3.92) 
3 21.75 (7.31) 41.49 (2.68) 36.75 (3.89) 
4 22.59 (7.13) 41.05 (2.82) 36.36 (3.94) 
5 20.16 (8.09) 42.91 (2.77) 36.94 (4.01) 
Average 22.27 (7.49) 41.42(2.77) 36.306 (3.94) 
Ratio 1.08 (0.36) 2.00 1.75 (0.19) 
 
 The crystal structure was determined by using a Bruker Apex II diffractometer with Mo 
radiation (K = 0.71073 Å). The direct methods and full-matrix least-squares on F
2 models with 
SHELXTL package were applied to solve the crystal structures.12 To make data acquisition, Bruker 
SMART software was utilized, as well as making corrections for Lorentz and polarization 
effects.13 Numerical absorption corrections were accomplished with XPREP, which is based on 
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the face-index modeling.14 Table 4.2 and Table 4.3 summarize the outcomes of structural 
investigation including the atomic positions, site occupancies, and isotropic thermal displacements. 
Flexible and mixed site occupancy models have been tested to confirm the splitting sites of Bi 
atoms. Because of the large absorption from Ba, Pt, and Bi, the electronic density residual is 
extremely large compared to other systems. We tried to use small crystal and numerical absorption 
correction to get a better fitting. 
 
Figure 4.2 The SEM-EDS figure of BaPt2Bi2. 
The refined model in Tables 4.2 and 4.3 gives the most reasonable fitting and lowest 
electron density residual. As shown in Figure 4.1(B), the ordered BaPt2Bi2 adopts the BaAu2Sb2-
type structure with the space group P21/m (S.G. 11, Pearson Symbol mP10). The BaAu2Sb2-type 
structure has a lower symmetry compared to the CaBe2Ge2 structure. From the crystal structure of 
BaPt2Bi2 in Figure 4.1B (Left), Pt2Bi2 and Bi2Pt2 edge-sharing tetrahedral layers alternate along 
the c axis. The Pt-Bi distances in BaPt2Bi2 range from 2.74 to 2.83 Å, which are similar to the Pt-
Bi distances in PtBi.12 
 In spite of Pt-Bi interactions, half amount of Pt atoms forms the zigzag chains is with the 
distance around 2.98 Å. The shortest Bi-Bi distance is 3.456(1) Å, which is related to the weak Bi-
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Bi antibonding interaction around Fermi level. The electronegativity difference between Pt and Bi 
is too small to give rise to significant charge transfer between Pt and Bi. (Pauling Scale: 2.28 for 
Pt and 2.02 for Bi; Allen Scale: 1.72 for Pt and 2.01 for Bi) 15-16 Comparison to other compounds 
in BaAu2Sb2-type structure, as the atomic radii increase from Pd to Au on the M site and from Sb 
to Bi on the X site, the electronegativity difference between M and X keeps decreasing, the angle  
 
Table 4.2 Single crystal refinement for BaPt1.98(3)Bi2.00(4) at 200(2) K. 
Refined Formula BaPt1.95(1)Bi2.00(4) 
F.W. (g/mol) 935.68 
Space group; Z P21/m; 2 
a(Å) 4.958 (1) 
b(Å) 4.822 (1) 
c(Å) 10.611 (3) 
 (Å) 92.01 (1) 
V (Å3) 253.5 (1) 
Extinction Coefficient 0.0036 (5) 
θ range (deg) 1.920-30.508 
No. reflections; Rint 





R1: ωR2 (I>2(I)) 0.0638; 0.1355 
Goodness of fit 1.013 
Diffraction peak and hole (e-/ Å3) 5.372; -5.304 
 
Table 4.3 Atomic coordinates and equivalent isotropic displacement parameters of BaPt1.95(1)Bi2 
system. (Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2)) 
Atom Wyck. Occ. x y z Ueq 
Ba 2e 1 0.2627(5) ¼ 0.7561(3) 0.0102(6) 
Pt1 2e 0.95(1) 0.6772(4) ¼ 0.9978(2) 0.0120(7) 
Pt2 2e 1 0.2448(4) ¼ 0.3751(2) 0.0103(5) 
Bi1 2e 1 0.7508(3) ¼ 0.4979(2) 0.0079(5) 
Bi2 2e 0.93(4) 0.1965(4) ¼ 0.1165(3) 0.0084(10) 
Bi2’ 2e 0.07(4) 0.21(2) ¼ 0.121(4) 0.10(7) 
71 
 
keeps increasing as well (see Figure 4.3). Thus, the interplay of atomic size and electronegativity 
governs the distortion of the structure. 
4.4 Physical properties of BaPt2Bi2 
 The magnetization measurements were performed in different applied field using a 
Quantum Design, Inc., superconducting quantum interference device (SQUID) magnetometer, 
 
Figure 4.3 Trend of distortion of CaBe2Ge2-type structure when atomic radius change. 
over a temperature range of 1.8-6 K. The magnetic susceptibility is defined as χ = M/H where M 
is the measured magnetization in emu and H is the applied field in Oe. The resistivity and heat 
capacity measurements were measured using a Quantum Design Physical Property Measurement 
System (PPMS) from 1.8 to 300 K with and without applied field in different frequencies. 
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 Figure 4.4(A) shows the temperature dependence of magnetic susceptibility () under 
different magnetic fields (H) between 1.9 and 2.5 K. The magnetic susceptibility is defined as χ = 
M/H where M is the measured magnetization in emu and H is the applied field in Oe. At H = 20 
Oe,  becomes negative with its magnitude increasing with decreasing temperature below Tc ~2.0 
K. This indicates that the system enters into the diamagnetic state below Tc. With increasing H, 
the diamagnetism is suppressed, suggesting that a superconducting transition exists at Tc. Indeed, 
the resistivity drops from 1.9 to 300 K, as shown in the inset of Figure 4.4(B), confirms the 
superconducting transition. It also shows the linear behavior in above ~ 100 K, suggesting 
dominant electron-phonon scattering. At low temperatures, it slowly turns into T2 dependence as 
demonstrated in the inset of Figure 4.4(B), suggesting the strong electron-electron interaction. 
With the application of magnetic field, the transition is pushed towards lower temperatures and is 
more broaden in Figure 4.4(C). While magnetic susceptibility shows ~ 50% of Meissner volume 
fraction, low-temperature specific heat shows little anomaly at Tc. Figure 4.4(D) exhibits 
temperature dependence of specific heat (C) plotted as C/T versus T2 between 2.0 and 4.5 K. Note 
that C/T starts to depart from high-temperature linear dependence when approaching Tc, reflecting 
superconducting transition. By fitting the normal-state specific heat using C/T=+T2, we obtain 
the electronic specific heat coefficient =6.76mJ/mol•K2 and phonon contribution 
=2.59mJ/mol•K4. The  value allows us to extract Debye temperature D= 155(2) K. The 
ΔCel/γTc per BaPt2Bi2 is 1.07. This ratio is already within error of the BCS weak coupling value 
of 1.43 and is in the range observed for many superconductors. Due to the fact that <10% PtBi is 
observed as impurity phase in the chunk sample, a comparison of resistivity of PtBi and our sample 
was carried out, as shown in Figure 4.5 which indicates that Tc of PtBi, which is 2.4 K has a 
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significant difference with Tc of BaPt2Bi2, which is 2.0 K. Thus, the observed superconductivity is 
intrinsic to BaPt2Bi2. 
4.5 Electronic structure and bonding analysis of BaPt2Bi2 
 To gain an insight into the relationship between superconductivity and the electronic states 
of BaPt2Bi2, we investigate the electronic density of states (DOS) and Crystal Orbital Hamilton 
Population (–COHP) curves17 for BaPt2Bi2 calculated by using Tight-Binding-Linear-Muffin-Tin- 
 
Figure 4.4 Physical measurements of the superconducting transition in BaPt2Bi2. (A) v (T) 
measured under different applied magnetic field from 1.85 to 2.5 K with zero-field cooling and 
field cooling. (B) Resistivity vs. Temperature over the range of 1.8 to 300 K measured at zero 
applied magnetic field under 5000 A. Insert: Two different superconducting transition 
temperatures are determined as onset Tc and zero Tc as shown. (C) Resistivity vs Temperature 
under various fields. (D) Heat Capacity measurements under magnetic field of 0 T and 1 T from 2 




Figure 4.5 Comparison of Tc between superconductors BaPt2Bi2 and PtBi. 
Orbital.18 Figure 4.7(A) illustrates the total and partial density of states (DOS) for BaPt2Bi2. The 
DOS in the energy range from −6.0 eV to +2.0 eV mainly consist of Bi p- and Pt d-orbital, in 
particular around Fermi level. The significant DOS at EF is consistent with the metallic properties 
as we predicted from the structure and examined by experiments (electrical resistivity). The broad 
peak around Fermi level is often associated with a nearby structural, electronic, or magnetic 
instability such as superconductivity.  Furthermore, the detailed atomic interactions in BaPt2Bi2 
are analyzed through -COHP calculations in Figure 4.6(B). According to the corresponding -
COHP curves, the wavefunctions contributing to this peak around Fermi level have strong Pt-Bi 
and Pt-Pt antibonding characters. These features of the -COHP arise from structural influences on 
the orbital interactions in BaPt2Bi2. Thus, according to the DOS and -COHP curves, BaPt2Bi2 is 
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susceptible toward either a possible structural distortion by disrupting the antibonding Pt-Bi and 
Pt-Pt orbital interactions at the Fermi level or toward superconductivity. The other question is why 
other monoclinic 122-type compounds, such as BaPd2Bi2, do not show superconductivity. To 
unravel it, we calculated the band structure without/with spin-orbit coupling of BaPt2Bi2 using the 
VASP code with generalized gradient approximation schemes.19-20 The energy cutoff is 400 eV. 
21-22 Reciprocal space integrations are completed over an 11×11×5 Monkhorst-Pack k-points mesh.  
 





23 These saddle points near EF are often proposed to be important for yielding superconductivity 
in a variety of materials. By comparing the Fermi surfaces of non-superconducting BaPd2Bi2 and 
superconducting BaPt2Bi2 in Figure 4.7(A) and (B), it is clearly shown that the hybridization 
among Bi-p and Pt-d orbit leads to the saddle point at Z-point and high DOS at the Fermi level.  
 
Figure 4.7 Fermi surfaces (FSs) for (A) non-superconducting BaPd2Bi2 and (B) superconducting 
BaPt2Bi2. (C) Brillouin zone of the BaPt2Bi2 lattice. Results of the electronic structure calculations 
for BaPt2Bi2 without (D)/with (E) spin-orbit coupling. 
On the other hand, BaPd2Bi2 in the same monoclinic BaAu2Sb2 structure doesn’t possess such Pd-
Bi interactions, and thus the DOS is low compared to that of BaPt2Bi2. The “rigid band” model 
proposes that the structure type and electron count are paramount factors in superconductivity 
while the actual atomic configuration is generally not a primary consideration.24 But, from the 
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comparison of non-superconducting BaPd2Bi2 and superconducting BaPt2Bi2, the “critical pairs” 
of atoms, which gives the exactly right charge transfer between the atoms, are a crucial factor for 
inducing superconductivity. 
4.6 Conclusions 
 The first ternary phase in Ba-Pt-Bi system, BaPt2Bi2 was synthesized, characterized by 
both structure and physical properties, and analyzed by electronic structure calculations. A 
combination of resistivity, magnetic susceptibility and heat capacity measurements indicate that 
BaPt2Bi2 is a superconductor with a Tc ~2.0 K. The electronic structure analysis of non-
superconducting BaPd2Bi2 and superconducting BaPt2Bi2 illustrates that the Pt-Bi pair is again 
shown to be a good pair for superconductivity in intermetallic compounds. The work presented 
here shows the critical charge-transfer pairs can be a useful design paradigm to search for new 
superconductors. 
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CHAPTER 5. TERNARY BISMUTHIDE SrPtBi2: COMPUTATION AND 
EXPERIMENT IN SYNERGISM TO EXPLORE SOLID-STATE 
MATERIALS 
5.1 Design strategy 
 After that the BaPt2Bi2 was determined to be a superconductor with Pt-Bi and Pt-Pt 
antibonding interaction to be the possible crucial factors for superconductivity, we were trying to 
investigated the unexplored Sr-Pt-Bi system. With the help of an adaptive genetic algorithm, we 
predicted a stable phase in Sr-Pt-Bi ternary phase with chemical stoichiometry of 1: 1: 2, i.e., 
SrPtBi2. 
5.2 Introduction 
 Exploring novel functional solid-state materials, which are key to technology innovation, 
is a long-standing goal in materials chemistry and physics. Because of various possibilities of 
combining atoms, discovering novel materials has long been found to be a time-consuming process. 
Traditionally, prediction of new compounds heavily relies on empirical or semi-empirical rules, 
such as electron counts and packing rules. 1-3 Current strategies involving informatics, machine 
learning, and using of materials databases, such as Materials Project and AFLOWLIB, opened up 
an efficient approach to expedite the search for functional solid-state materials. 4-7 Briefly, truly 
representative atomic combinations will be selected based on the highly performed computation. 
These atomic combinations will be evaluated by experimental synthesis to see which one is more 
stable and reliable. The process with a combination of experiments and theory has effectively 
reduced the scope for finding new materials. 8  
* Chapter 5 is reprinted with permission from Gui, X.; Zhao, X.; Sobczak, Z.; Wang, C. Z.; 
Klimczuk, T.; Ho, K. M.; Xie, W. Ternary Bismuthide SrPtBi2: Computation and Experiment in 
Synergism to Explore Solid-State Materials.  J. Phys. Chem. C 2018, 122, 5057-5063. Copyright 




 As non-toxic heavy metals, bismuth shows the strong spin-orbital coupling effects, which 
provide bismuthides many unique and desirable properties for optoelectronic, thermoelectric and 
electronic device applications.9 For example, three-dimensional Dirac fermions have been detected 
in the topological Dirac semimetal, Na3Bi. 
10, 11 Such materials can be used as transistors and other 
electronic devices.12 Usually, simple Bi-containing semiconductors or semimetals can be predicted 
using chemical valence arguments or Zintl-Klemm concepts. 13-15 Half-Heusler RPtBi (R= rare 
earth elements) compounds following 18e- rules show intriguing properties such as 
superconductivity in LuPtBi.16-18 The Zintl-Klemm concepts can be employed for interpreting the 
charge balance in BaMnBi2, which is an antiferromagnetic Dirac material coexisting with 
superconductivity at high pressure.19 BaMnBi2 can be formulated as Ba
2+Mn2+Bi-Bi3- with Bi-Bi 
square planar in the structure.20 However, if a system turns more complex with small difference in 
electronegativity among elements, chemical valence rules may fail in predicting crystal structures 
and properties. It is even harder to rationalize some subtle structural distortions or atomic 
distributions due to the complexity. For example, ternary rare-earth gallium bismuthide, LaGaBi2 
off the chemical balance, crystallizes in the hexagonal structure with 24 atoms per unit cell and 
La6 trigonal prisms centered by Bi atoms.
21  
 Recently, we discovered the superconductivity in new monoclinic BaPt2Bi2.
22 The research 
indicates the Pt-Bi antibonding is significant for inducing superconductivity. Thus, we extended 
our study to the Sr-Pt-Bi system, which was unexplored before. To accelerate the targeted 
synthesis, we employed the crystal structure prediction and total energy calculation firstly to 
determine the thermodynamic stable stoichiometry. Using the predicted stoichiometry, we 
successfully synthesized the new SrPtBi2. Unlike other tetragonal 112-CuSmP2 (BaMnBi2)
19 or 
CuHfSi2 (LaAuBi2)




24 Electronic structure calculations based on the experimental crystal 
information have confirmed the structural preference and chemical stability of orthorhombic 
SrPtBi2. The heat capacity measurements show the metallic properties of SrPtBi2 with weak 
electron-phonon interactions at the low temperature. 
5.3 Experimental section 
5.3.1 Synthesis 
 Polycrystalline samples of SrPtBi2 were obtained via high-temperature solid-state method. 
Elemental strontium (> 99%, rod, Alfa Aesar), platinum powder (99.98%, ~60 meshes, Alfa Aesar) 
and ground bismuth powder (99.999%, lump, Alfa Aesar) were pelletized in the glovebox with a 
ratio of 1:1:2 due to the sensitivity to air and moisture of strontium and placed into an alumina 
crucible which was subsequently sealed into an evacuated (10-5 torr) quartz tube. The sample was 
heated to 900 °C at a rate of 1 °C/min and annealing at 900 °C for 2 days. After that, the tube was 
quenched in the air. It yielded a mixture of SrPtBi2 and minor PtBi2 impurity. All products are 
sensitive in the moisture. 
5.3.2 Phase analyses and structure determination 
 All SrPtBi2 samples were ground finely and examined by a Rigaku MiniFlex 600 powder 
X-ray diffractometer equipped with Cu K radiation (=1.5406 Å, Ge monochromator). A Bragg 
angle ranging from 5° to 90° in a step of 0.010° at the rate of 0.08°/min was taken to get a precise 
pattern. The lattice parameters and phase composition refinements were accomplished using 
JANA 2006 with LeBail model.25,26 Multiple crystals (~20 pieces) with roughly 0.02 mm diameter 
were picked up to carry out single crystal X-ray diffraction in case of heterogeneity. A Bruker 
Apex II diffractometer equipped with Mo radiation (K= 0.71073 Å) was utilized to determine 
the structure at room temperature. The sample protected with glycerol was mounted on a Kapton 
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loop. In order to guarantee the accuracy, seven different angles were chosen to take the 
measurement at room temperature with an exposure time of 15 seconds per frame while the width 
of scanning was 0.5. The direct methods and full-matrix least-squares on F2 models along with 
SHELXTL package were employed to solve the crystal structure.27 Data acquisition was made via 
Bruker SMART software which made corrections for Lorentz and polarization effects as well.28 
On the basis of face-index modeling, numerical absorption corrections were approached by 
XPREP.29 
5.3.3 Scanning electron microscopy (SEM) 
 Characterization was performed using a high-vacuum scanning electron microscope (JSM-
6610 LV) and Energy-Dispersive Spectroscopy (EDS). Samples were quickly moved from the 
glovebox and mounted on the carbon tape because of the air- and moisture-sensitivity before 
loading into the SEM chamber. Multiple points and areas were examined in each phase within 
multiple grains of a specimen. The samples were examined at 15 kV. Spectra were collected for 
100 seconds. 
5.3.4 Heat capacity measurements 
 The specific heat measurements were performed using a physical properties measurement 
system (PPMS) on pieces of SrPtBi2 polycrystalline samples in Figure 5.1. The measurements 
were operated over a temperature range of 1.8-300 K without applied magnetic field. 
5.3.5 Adaptive genetic algorithm (AGA) 
 The crystal structure search was performed using the AGA method.30, 31 AGA integrates 
auxiliary interatomic potentials and first-principles calculations together in an adaptive manner to 
ensure the high efficiency and accuracy. Interatomic potentials based on the embedded-atom 




Figure 5.1 The polycrystalline SrPtBi2 sample used to test heat capacity. 
Structure searches of SrPtBi2 were performed for unit cell sizes of 2, 3, 4, 6, and 12 formula units. 
During the searches, no symmetry constraint was applied and the total structure population was 
set to be 128. Convergence was considered to be reached when the lowest energy in the structure 
pool remained unchanged for 500 consecutive generations. At the end of each classical GA search, 
the lowest-energy structures were selected to perform first-principles calculations according to the 
AGA procedure, whose energies, forces, and stress were used to adjust the parameters of the EAM 
potential using the Potfit code.33, 34 Finally, all of the structures used to tune the interatomic 




5.3.6 Vienna ab initio simulation package (VASP) 
 First-principles calculations were carried out using density functional theory (DFT) within 
a generalized gradient approximation (GGA) by VASP code.35, 36 Projector augmented-wave 
method37 was used to describe the valence configuration: 4s24p65s2 for Sr, 5d96s1 for Pt, and 
5d106s26p3 for Bi. The GGA exchange-correlation energy functional parametrized by Perdew, 
Burke, and Ernzerhof was used.38 Plane-wave basis was used with a kinetic energy cutoff of 520 
eV. Monkhorst−Pack’s scheme was adopted for Brillouin zone sampling with a k-point grid of 2π 
× 0.05 Å−1 during the AGA searches.39 In the final structure refinements of the collected SrPtBi2 
structures from the AGA searches as well as the known binary/ternary compounds in the Sr-Pt-Bi 
system, a denser grid of 2π × 0.025 Å−1 was used, and the ionic relaxations stopped when the forces 
on every atom became smaller than 0.01 eV/Å. To characterize the thermodynamical stability, the 
formation energy of any given structure SrmPtnBip was calculated using face-centered cubic (FCC) 
Pt, FCC Sr and rhombohedral Bi as references, i.e. EF(SrmPtnBip)= [E(SrmPtnBip) – m*E(Sr) – 
n*E(Pt) – p*E(Bi)]/(m+n+p). 
5.3.7 Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-
LMTO-ASA) 
 Calculations of the electronic and bonding features were performed by TB-LMTO-ASA 
using the Stuttgart code.40-42 Exchange and correlation were treated by the local density 
approximation (LDA).43 In the atomic sphere approximation method, the space is filled with 
overlapping Wigner-Seitz (WS) spheres.44 During the calculation of SrPtBi2, the empty spheres 
are used to make the overlap of WS spheres limited to no larger than 16%. The WS radii are: 2.14-
2.17 Å for Sr; 1.50-1.53 Å for Pt; and 1.63-1.79 Å for Bi. The basis set for the calculations included 
Sr 5s, 4d, Pt 6s, 6p, 5d, and Bi 6s, 6p wavefunctions. The convergence criterion was set to 0.1 
meV. A mesh of 60 k points in the irreducible wedge of the first Brillouin zone was used to obtain 
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all integrated values, including the density of states (DOS), band structure, and Crystal Orbital 
Hamiltonian Population (COHP) curves.45 
5.4 Results and discussion 
5.4.1 Construction of the convex hull 
 Convex hull of the Sr-Pt-Bi system was constructed to investigate the stability of different 
stoichiometry, as plotted in Figure 5.2. Because there is currently no ternary phase existing in the 
Sr-Pt-Bi system, its convex hull is determined solely by elemental Sr, Pt, Bi and the binary 
compounds. Thus, we performed a thorough calculation on all the known binary phases among Sr, 
Pt, and Bi. During our calculation, we also discovered several metastable binary phases in the Sr-
Bi system, such as Sr3Bi2, Sr2Bi, and Sr3Bi marked in blue circle. The thermodynamic stability of 
SrPtBi2 is determined by the red Gibbs triangle in Figure 5.2, i.e. 
𝑆𝑟𝑃𝑡𝐵𝑖2 → 𝑥 ∗ 𝑃𝑡𝐵𝑖2 + 𝑦 ∗ 𝑆𝑟2𝐵𝑖3 +  𝑧 ∗ 𝑆𝑟𝑃𝑡2 
When the energy of the left-hand side in the above reaction (energy of SrPtBi2) is lower than that 
of the right-hand side (sum of the energies of x*PtBi2, y*Sr2Bi3, z*SrPt2), SrPtBi2 is considered to 
be thermodynamically stable. Our calculation shows that the formation energy of the right-hand 
side, i.e. the energy on the convex hull at the composition of SrPtBi2 is -574.74 meV/atom. 
5.4.2 Exploration of the SrPtBi2 structural space 
 Our crystal structure searches of SrPtBi2 were performed using unit cell sizes of 2, 3, 4, 6, 
and 12 formula units. The calculated formation energies of the obtained structures are plotted in 
Figure 5.3(a) together with the hypothetical structures (BaMnBi2 and LaAuBi2) and the energy on 
the convex hull. The structures from the search are classified in terms of the Pt-Bi coordination 
number. It can be seen that structures below the convex hull are found for SrPtBi2. On the other 
hand, the hypothetical models with BaMnBi2 and LaAuBi2-type structures have energies of ~35 
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meV/atom higher than the convex hull. The lowest-energy SrPtBi2 structure is found be in the 
space group of Pnma with Pt@Bi5 square pyramidal Bi5 coordination. It has ~50meV/atom lower 
formation energy than the one with Pt@Bi4 tetrahedral Bi4 coordination in LaAuBi2-type and 
BaMnBi2-type.  
 
Figure 5.2 Convex hull of the formation energies in the Sr-Pt-Bi system. Black balls (and black 
triangles in the ternary phase diagram) represent stable compounds, while blue points indicate the 
metastable phases. The purple lines in the ternary phase diagram are projections of the convex hull 




 Phonon spectrum of the orthorhombic SrPtBi2 was calculated to investigate its dynamical 
stability. Calculations were performed using a supercell approach provided by the Phonopy code46 
where supercells with sizes of 144 atoms (1×3×1) and k-mesh of 2×2×2 were used. The phonon 
density-of-states (DOS) results are plotted in Figure 5.3(b). It can be seen that there are no 
imaginary phonon frequencies in this structure, indicating that it is dynamically stable. Thus far, 
we demonstrate that SrPtBi2 is a promising stoichiometry to discover new thermodynamically and 
dynamically stable compound. 
5.4.3 Experimental confirmation of SrPtBi2 
 The first ternary compound in Sr-Pt-Bi system, SrPtBi2, was produced by high temperature 
synthesis. To obtain the detailed chemical stoichiometry and atomic distributions, the single crystal 
 
Figure 5.3 (a) Formation energies of the SrPtBi2 crystal structures obtained from the AGA searches. 
The structures are classified by their Pt-Bi coordination, where “Mixed” represents structures with 
more than one type of Pt-Bi polyhedra. Energies of the hypothetical structures, i.e. the BaMnBi2- 
and LaAuBi2-types (cyan and blue dash lines) and the energy on the convex hull at the composition 




X-ray diffraction was used to determine the crystal structure. SrPtBi2 crystallizes in orthorhombic 
LuNiSn2-type structure with the space group Pnma,
23 same as our crystal structure prediction. The 
resulting structural analysis including the site occupancies and isotropic thermal displacements 
with atomic positions were shown in Table 5.1 and Table 5.2. The flexible and mixed site 
occupancy models were utilized to test and confirm the atomic order and stoichiometry in SrPtBi2. 
Because of the heavy Pt and Bi elements, the site splitting was considered for the refinement, but 
no site splitting was observed. The three crystallographic independent Pt atoms form Pt@Bi5 
square pyramids, which share the edges and vertex with neighboring polyhedra. The Sr atoms were 
in the voids of Pt-Bi frames according to Figure 5.4(a). As shown in Figure 5.4(b) and by the 
formation energies in Figure 5.3(a), among the potential structures with 112 stoichiometry adopted 
by SrPtBi2, Pt@Bi5 polyhedra in space group Pnma is determined to hold ~ 7 and ~ 48 meV per 
atom lower energy than Pt@Bi4 and Pt@Bi6 polyhedra, respectively. 
 
Figure 5.4 (a) Crystal structure of SrPtBi2 emphasizing the Pt@Bi5 square pyramidal Bi 
coordination. (b) Schematic figure showing the total energies of SrPtBi2 with different structures 
screened by AGA. 
 The refined powder X-ray diffraction pattern is shown in Figure 5.5. The LeBail fitting 
was used to refine all lattice parameters. PtBi2 was found as impurity (~10%) existing in the sample.  
Without refinement of the atomic sites or displacement parameters of all atoms, the obtained 
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profile residuals Rp is 5.98% with weighted profile residuals Rwp 9.52%. Refined lattice parameters 
for SrPtBi2 (orthorhombic symmetry, a = 17.093(2) Å; b = 4.8739(4) Å; c = 15.725(1) Å) were 
found consistent with single crystal X-ray diffraction data. In comparison, our theoretical 
calculation using DFT-GGA slightly overestimate the lattice parameters and gives a = 17.334 Å; 
b = 4.949 Å; c = 16.012 Å at equilibrium conditions. The chemical composition was further 
confirmed as Sr1.1(1)Pt1.0(1)Bi1.8(2) by using Scanning Electron Microscopy (SEM), as shown in 
Figure 5.6. 
5.4.4 Electronic Structure and Bonding Features of SrPtBi2 
 In order to understand the structural stability from the bonding aspect, electronic structures 
were calculated and shown in Figure 5.7. We emphasized the range around Fermi level between 
 
Figure 5.5 Powder XRD pattern for SrPtBi2. The red dots, blue line and green line represent 
calculated Powder XRD pattern, observed Powder XRD pattern and the intensity difference 
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between calculated and observed pattern, respectively. PtBi2 peaks were found as minor impurity 
(~10%). 
Table 5.1 Single crystal crystallographic data for SrPtBi2 at 296 (2) K 
Refined Formula SrPtBi2 
F.W. (g/mol) 700.67 
Space group; Z Pnma; 12 
a(Å) 17.072 (4) 
b(Å) 4.893 (1) 
c(Å) 15.806 (4) 
V (Å3) 1320.4 (6) 
Extinction Coefficient 0.00008 (1) 
θ range (deg) 1.756-33.169 
No. reflections; Rint 





R1: ωR2 (I>2 (I)) 0.0511; 0.0876 
R1: ωR2 (all I) 0.0687; 0.1071 
Goodness of fit 0.961 
Diffraction peak and hole (e-/ Å3) 5.552; -3.756 
 
the energy of -4.0 eV and 2.0 eV. In the DOS, we can easily see the 5d orbitals from Pt atoms 
contribute most below -3.0 eV, which means the electrons on 5d orbitals are relatively localized. 
Above -3.0eV, the states are dominated by the hybridization of electrons on Bi-s and p orbitals, 
Pt-s and d orbitals, and Sr-s orbital, in particular around the Fermi level. To specify the atomic 
interactions around Fermi level, the Crystal Orbital Hamilton Populations (-COHP) calculations 
were generated in Figure 5.7(Middle), in which the positive part (+) indicates the bonding 
interaction while the negative part (-) indicates anti-bonding interactions. The outcome of the –
COHP calculation demonstrates that the Pt-Bi interactions play a significant role in the structural 
stability and Fermi level locates on the non-bonding region in Pt-Bi interactions. Around Fermi 
level, the interplay between Bi-Bi anti-bonding and Sr-Bi bonding interaction governs the stability 
of SrPtBi2. Even the peak around Fermi level is observed in DOS, the band structure calculation 
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shows that the bands are localized near the Fermi level with no saddle points which hints that 
superconductivity can rarely been found in this compound. 
 
Figure 5.6 The Scanning Electron Microscope-Energy-dispersive X-ray Spectroscopy (SEM-EDS) 
figure 
 
Figure 5.7 Electronic structure calculation of SrPtBi2 from the energy of -4.0 eV to 2.0 eV. (Left) 
Density of States; (Middle) Crystal Orbital Hamilton Populations (–COHP) calculations (+ 




 Similar with the integrating electronic DOS which gives the number of electrons in the 
system, the integrated COHP hints towards the bond strength.47 To compare the atomic interactions 
within each model and understand the bonding strengths in different 112 structure models, the 
corresponding integrated COHP values are calculated and listed in Table 5.3. Accordingly, in  
Table 5.2 Atomic coordinates and equivalent isotropic displacement parameters of SrPtBi2 
system. (Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2)) 
Atom Wyck. Occ. x y z Ueq 
Bi1 4c 1 0.0335(1) ¼  0.2610(1) 0.0182(2) 
Bi2 4c 1 0.0429(1) ¼ 0.5442(1) 0.0259(3) 
Bi3 4c 1 0.2882(1) ¼ 0.3907(1) 0.0122(2) 
Bi4 4c 1 0.3136(1) ¼ 0.6726(1) 0.0118(2) 
Bi5 4c 1 0.3332(1) ¼ 0.1234 (1) 0.0131(2) 
Bi6 4c 1 0.4773(2) ¼ 0.5776 (2) 0.0114(2) 
Sr1 4c 1 0.1200(1) ¼ 0.7661 (1) 0.0171(6) 
Sr2 4c 1 0.1524(1) ¼ 0.0273 (1) 0.0114(5) 
Sr3 4c 1 0.3559(1) ¼ 0.8896 (2) 0.0164(6) 
Pt1 4c 1 0.2021(1) ¼ 0.2425 (1) 0.0157(2) 
Pt2 4c 1 0.2036(1) ¼ 0.5426 (1) 0.0154(2) 
Pt3 4c 1 0.4533(2) ¼ 0.3990 (2) 0.0133(2) 
 
Table 5.3. Integrated COHP per formula for SrPtBi2 in experimental, LaAuBi2-, and BaMnBi2-
type structures. 










Pt-Bi 2.2 68.7 3.3 40.7 1.4 28.3 
Bi-Bi 0.3 7.5 1.7 20.4 1.5 30.1 
Sr-Bi 0.6 18.9 2.2 25.7 1.1 22.4 
Sr-Pt 0.2 4.9 1.2 13.3 0 0 
Pt-Pt 0 0 0 0 0.9 19.2 
Total 3.3 100 8.1 100 4.9 100 
 
experimental SrPtBi2 structure, the Pt-Bi interactions contribute most (~69%) in the structural 
stability while there exist no Pt-Pt interactions. On the other hand, Pt-Bi interactions in LaAuBi2 
and BaMnBi2 models are dramatically decreasing. The decreasing of Pt-Bi bonding strength leads 
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to the instability of SrPtBi2 in other two hypothetical models. Moreover, the changing trend for 
total energies is consistent with the Pt-Bi bonding strength of SrPtBi2 in different models. In this 
regard, the Pt-Bi interactions play a significant role in determining the stability of the compound.  
It is worth noticing that the Pt-Pt interactions also contribute critically in the superconducting 
BaPt2Bi2 but they are not observed in SrPtBi2. It may be the reason of SrPtBi2 not being 
superconductor since the superconductivity requires the interplay between Pt-Bi and Pt-Pt 
interactions. 
5.4.5 Heat capacity measurements 
 Temperature-dependent specific heat measurements were carried out as presented in Figure 
5.8(a), which plots Cp(T) in zero applied field from 1.85 K to 300 K. No anomalies, such as phase 
transition or superconductivity, were observed between 1.85 K and 300 K. 
 Figure 5.8(b) shows low temperature data Cp/T vs T
2 with a fit to Cp/T =  + T
2 + T4, 
where T is an electronic contribution (Cel.), and T
2 and T4 are the phonon contribution (Cph.) 
parts to the specific heat and T is the electronic contribution to the specific heat. The Sommerfeld 
parameter, , was calculated to be 6.4(3) mJ mol-2 K-2. The Debye temperature D can then be 
calculated with the following equation, where R is the gas constant and n=4 for SrPtBi2.
48 Based 
on this Debye model, the Debye temperature is calculated to be 161(2) K, which is comparable to 
the Debye temperature of Sr (147 K), and lower than reported for Bi (199 K) and Pt (240 K).49 In 
order to estimate the Einstein temperature, we plotted temperature dependence of Cph./T
3 (Figure 
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Figure 5.8 Heat capacity measurements of SrPtBi2. (a) temperature dependence of Cp. Blue open 
circles – experimental data, blue and green lines represent Einstein and Debye contribution to Cp, 
respectively. A combined fit is shown by a red line as explained in text. (b) low temperature Cp/T 
vs. T2 with a fit (red line). (c) phonon heat capacity Cph./T
3 vs. T. 
 The fit to the overall temperature dependence of the specific heat Cp(T) is shown in panel 
(a) by a red solid line. This fit is a combined model of the electronic part and two phonon parts: 
Cp = Cel + kCDebye + (1-k) CEinstein. For this fit, estimated k = 0.87 of the weight belongs to the 
Debye model CDebye (green line) and 0.13 is the weight of the Einstein model CEinstein (blue line) of 



























































The Debye temperature estimated from the fit K is close to more accurate value obtained from the 
low temperature fit (161 K). In this fit Einstein temperature was fixed K.  
 Having calculated density of the electronic densities of states N(EF) = 2.01 st. eV
-1, one 
can calculate the theoretical Sommerfeld coefficient theor. = 4.74 mJ mol
-1 K-2. Assuming, that 
theor. is renormalized only by the electron-phonon interaction (no magnetic present), and taking 
from exp. = theor(1+el-ph) we can estimate the electron-phonon coupling el-ph = 0.35.  
 
Figure 5.9 Updated convex hull of the Sr-Pt-Bi system after including the new SrPtBi2 phase 
discovered in the current work. 
5.5 Conclusion 
 The first ternary phase in Sr-Pt-Bi system, SrPtBi2, has been designed and synthesized. 
SrPtBi2 phase was synthesized and structurally characterized. It exhibits in the orthorhombic 
structure with space group Pnma. First principles electronic and phonon structure calculations 
substantiate the chemical stability of the new compound and indicate that no superconductivity 
may be observed in the phase. The heat capacity measurements confirmed the metallic properties. 
No superconductivity was detected down to 1.85 K. With our newly discovered SrPtBi2 phase, the 
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calculated phase diagram of the Sr-Pt-Bi system at 0 K can be correspondingly updated, as shown 
in Figure 5.9. It can be seen that the existence of SrPtBi2 (green star) alters the equilibrium stable 
phases at the compositions which are not the stable nodes, which will aid the search for the new 
superconductors in Sr-Pt-Bi system with the interplay between Pt-Pt and Pt-Bi interactions. 
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CHAPTER 6. SUPERCONDUCTING SrSnP WITH STRONG Sn-P 
ANTIBONDING INTERACTION: IS THE Sn ATOM SINGLE OR MIXED 
VALENT? 
6.1 Design strategy and introduction 
 The discovery of new materials that own novel properties, especially superconductivity, is 
a long-standing topic for solid-state material scientists.1 There are various approaches to new 
superconductors, one of which is to assume that superconductivity appears in the structural 
families.2 Many superconductors, including high-Tc cuprates
3, boride carbides4,5, and iron-based 
pnictides6,7, crystalize in the layered structure, which is widely accepted to be one of the most 
critical factors to induce the superconductivity. The discovery of these new structural motifs 
hosting the superconductivity often leads to the rapid development of new superconductors. Both 
perovskites and the Fe-based superconductor structure types are good examples.8,9 On the other 
hand, suppressing the charge disproportionation is another strategy to find new superconductors.10 




After doping K on Ba or Pb on Bi sites, the mixed valence state will vanish; meanwhile, the 
superconductivity will appear. In 2014, Hosono’s group investigated the superconductivity in 
SnAs and focused on the valence state of Sn in SnAs to prove that Sn has the single valence state, 
likely Sn3+(5s1), rather than a mixed valence state like Sn4+(5s0) and Sn2+(5s2).12 Later in 2017, 
Tokura’s group studied the superconducting SnP under high pressure and emphasized the critical 
role of the nominal valence Sn3+(5s1) in stabilizing the phase and inducing superconductivity.13,14  
Considering these anomalous oxidation states in Sn-based superconductors, we focused on ternary  
* Chapter 6 is reprinted with permission from Gui, X.; Sobczak, Z.; Chang, T.R.; Xu, X.; Huang, 
A.; Jia, S.; Jeng, H.T.; Klimczuk, T.; Xie, W. Superconducting SrSnP with Strong Sn–P 
Antibonding Interaction: Is the Sn Atom Single or Mixed Valent? Chem. Mater. 2018, 30, 6005-




equiatomic SrSnP with an even shorter Sn-P bonding distance (~2.46 Å) compared to ~2.642 Å 
Sn-P in SnP at 2.2GPa.15,13 A previously reported antiferromagnetic EuSnP has the isotype 
structure to SrSnP.16 The crystal structure can be described as built up from tin atoms that form 
nets of puckered four-membered rings by means of long Sn-Sn bonds (~3.26 Å). Assuming the 
oxidation states of Sr to be +2 and P to be -3, each Sn will be left with only three valence electrons 
for form four equivalent Sn-Sn bonds in the puckered net, if all bonds are assumed to be normal 
two-center two-electron (2c-2e) bonds. The observation of four long Sn-Sn bonds then implies 
some sort of fractional bonding in which the bonds are weaker than normal 2c-2e bonds.17,18 This 
will lead to an interesting question regarding the Sn valence: does the Sn atom have a single 
valence as we proposed above or mixed valences, like Sn (0) (5s25p2) and Sn (+2) (5s2)? Therefore, 
can the unusual single valent Sn be related to some unique physical properties, such as 
superconductivity? With these structural, valent, and superconducting features in mind, we report 
herein a thorough structural characterization, investigation of the superconducting properties, and 
theoretical electronic and phononic structures of SrSnP, with an emphasis on the Sn valence and 
interplay between superconductivity and chemical bonding. We discovered the superconductivity 
in SrSnP with Tc = 2.3(1) K for the first time. What’s more, Sn has only one valent state, not mixed 
valent states like Sn0(5s25p2) and Sn2+(5s2). A combination of chemistry and physics 
interpretations confirms both Sr-P and Sn-P bonding interactions are critical for the structural 
stability and superconductivity. 
6.2 Experimental section 
6.2.1 Single Crystal Growth of SrSnP 
 The single crystals of SrSnP were grown from Sn-flux. Elemental strontium (99%, granules, 
Beantown Chemical), red phosphorus (99%, ~ 100 meshes, Beantown Chemical), and tin granules 
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(99.5%, Alfa Aesar) were put into an alumina crucible with the molar ratio of 1:1:10. The crucible 
was subsequently sealed into an evacuated (10-5 torr) quartz tube. A treatment was performed at a 
rate of 30 °C/h to 600 °C and held for 12 hours to avoid the explosion of red phosphorus. After 
that, the mixture was heated up to 1050 °C and annealing for 24 hours followed by slowly cooling 
to 600 ºC at a rate of 3 °C per hour. Excess Sn flux was removed by centrifuging the samples. 
Single crystals of SrSnP with a size of ~0.2×2×2 mm3 tetragonal shape were obtained as shown in 
the insert of Figure 6.1. All operations were carried out in the Ar-protected glovebox because 
SrSnP is extremely unstable toward decomposition in air or moisture. 
6.2.2 Phase Identification 
 A Rigaku MiniFlex 600 powder X-ray diffractometer (XRD) equipped with Cu K 
radiation (=1.5406 Å, Ge monochromator) was used to examine the phase information. Due to  
 
Figure 6.1 (Main Panel) The powder X-ray diffraction pattern of SrSnP where the blue and red 
lines represent observed pattern and calculated patterns based on single crystal data, respectively. 
Trace Sn residual can be found. (Insert) The single crystal of SrSnP with dimension. 
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the fact that the SrSnP single crystal is extremely air- and moisture- sensitive, we were only able 
to perform a short scan which the Bragg angle ranged from 10° to 70° in a step of 0.010° at a rate 
of 6.0°/min. The powder XRD pattern shown in Figure 6.1 (Main Panel) was matched with the 
calculated pattern generated from the single crystal X-ray data and smoothened using Savitzky-
Golay smoothing filters.19  
6.2.3 Structure Determination 
 Multiple pieces of single crystals (~20×40×40 m3) were picked up to perform the routine 
structural examination. The structure was determined using a Bruker Apex II diffractometer 
equipped with Mo radiation (K= 0.71073 Å) at low temperatures (215 K and 100 K). Glycerol 
and liquid nitrogen gas were used to protect the sample which was mounted on a Kapton loop. 
Seven different angles were chosen to take the measurement with an exposure time of 15 seconds 
per frame and the scanning 2 width of 0.5. The direct methods and full-matrix least-squares on 
F2 models with SHELXTL package were employed to solve the crystal structure.20 Data 
acquisition was made via Bruker SMART software with the corrections on Lorentz and 
polarization effect.21 Numerical absorption corrections using face-index model were approached 
by XPREP.22 
6.2.4 Scanning Electron Microscopy (SEM) 
 The determination of the chemical composition and stoichiometry were performed using a 
high-vacuum scanning electron microscope (JSM-6610 LV) and Energy-Dispersive Spectroscopy 
(EDS). Samples were mounted on the carbon tape in the argon protected glovebox and quickly 
moved into the SEM chamber, and then evacuated immediately. Multiple points and areas were 
taken to test on the same single crystal of SrSnP with an accelerating voltage of 15 kV and the 
collecting time of 100 seconds for each point/area via TEAM EDAX software. 
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6.2.5 Superconducting Properties Measurements 
 The Superconducting Quantum Interference Device (SQUID) (Quantum Design, Inc.) 
magnetometer is used to measure the temperature-dependent susceptibility under different 
magnetic fields with the temperature range of 1.8-10 K. The susceptibility is defined as χ = M/H. 
Here, M is the magnetization in units of emu, and H is the magnetic field applied in Oe. Both field 
cooling (FC) and zero field cooling (ZFC) methods were used to test susceptibility. Resistivity and 
heat capacity measurements were performed using a quantum design physical property 
measurement system (PPMS) between 1.8K and 300K with and without applied fields. Heat 
capacity was measured using a standard relaxation method. 
6.2.6 X-ray Photoelectron Spectroscopy (XPS) 
 A Kratos AXIS 165 XPS/AES equipped with standard Mg/Al and high-performance Al 
monochromatic source was used to characterize the chemical states of elements on the surface of 
SrSnP in an evacuated (10-9 torr) chamber at room temperature. To keep the surface of our sample 
clean, an Ar ion gun was utilized to remove the possible oxidized layer of SrSnP. 
6.2.7 Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-
LMTO-ASA) 
 Calculations of Crystal Orbital Hamiltonian Population (-COHP) curves were performed 
by Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-LMTO-ASA) 
using the Stuttgart code.23–25 The convergence criterion was set as 0.05 meV and a mesh of 64 k 
points was used to generate all integrated values.26 In the ASA method, space is filled with 
overlapping Wigner-Seitz (WS) spheres. The symmetry of the potential is treated as spherical in 
each WS sphere with a combined correction on the overlapping part. The WS radii are: 2.081 Å 
for Sr; 1.486 Å for Sn; and 1.367 Å for P. Empty spheres are required for the calculation, and the 
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overlap of WS spheres is limited to no larger than 16%.  The basis set for the calculations included 
Sr 5s, 4d; Sn 5s, 5p; and P 3s, 3p wavefunctions.  
6.2.8 Vienna Ab initio Simulation Package (VASP) 
 The electronic structure was computed based on projector augmented-wave (PAW) 
pseudopotentials that were adopted with the Perdew-Burke-Ernzerhof generalized gradient 
approximation (PBE-GGA) implemented in VASP.27 The experimental lattice parameters were 
used to perform the calculations. The energy cutoff was 400 eV. The 11×11×6 Monkhorst-Pack k-
points mesh was used in calculation. The spin-orbit coupling effects are included. 
6.2.9 Quantum Espresso 
 The electron-phonon coupling was completed using Quantum Espresso code28,29 based on 
Density Functional Perturbation Theory (DFPT)30,31, which employs norm-conserving 
pseudopotentials. Reciprocal space integrations were completed over a 24×24×12 k-point mesh, 
4×4×4 q-point mesh with the linear tetrahedron method. The cut-off energies were set at 40 Ry 
(400 Ry) for wave functions (charge densities). With these settings, the calculated total energy 
converged to less than 0.1 Ry per atom. The electron-phonon coupling strength eq was calculated 
using , where NF is the density of states (DOS) at the Fermi level, and qv is the phonon frequency 
of mode  at wave vector q. The critical temperature Tc can be estimated by McMillan formula
32, 
where,, and  with *=0.1. 
6.3 Results and discussion 
6.3.1 Phase, crystal structure and chemical composition determination 
 According to the previous phase study in Sr-Sn-P system, three different ternary phases 
included orthorhombic Sr3Sn2P4 and Sr5Sn2P6
15,33, and tetragonal SrSnP were reported. Our 
synthetic approach did not yield anything other than crystalline tetragonal SrSnP phase. The 
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powder X-ray diffraction pattern of SrSnP was shown in Figure 6.1. It can be found that a pure 
SrSnP phase was obtained with slight Sn-flux impurity. The broad peaks located between 25-30o 
are due to the decomposition of SrSnP in the air. The result matches with the calculated pattern 
generated from our single crystal X-ray diffraction data and reference as well.15 
 To obtain further insights into the structural features of SrSnP, single crystals were 
investigated to extract atomic distributions and coordination environments. The results of single 
crystal diffraction including atomic positions, site occupancies, and isotropic thermal 
displacements are summarized in Tables 6.1 and 6.2. Corresponding anisotropic displacement 
parameters are summarized in Table 6.3. The result is consistent with the previous report. The 
lattice parameters are slightly smaller due to lower testing temperature (100K). Both vacant and 
mixed models were compared using Hamilton test34 to confirm the full occupancy on each site. 
The chemical compositions of Sr0.90(9)Sn1.00(8)P1.1(2) examined by EDS are listed in Table 6.4. SrSnP 
crystallizes in the CaGaN structure type with the tetragonal space group P4/nmm which is the same 
as EuSnP.16 Each Sn atom in the puckered sheet is surrounded by a distorted tetrahedron consisting 
of four Sn atoms with the Sn-Sn distance ~3.21Å. The connection to the upper and lower layers of 
the Sn layer is produced by an axial connection to the P atom at ~2.46 Å and an opposite axial 
connection to Sr at ~3.45 Å (Figure 6.2 (A)). On adjacent Sn atoms the arrangement of axial Sr 
and P atoms is opposing, forming Sn-Sr-P-Sn stacking (Figure 6.2 (B)). There are two layers 
comprised of Sr and P in a square array between every sheet of Sn atom. 
6.3.2 SrSnP as an elongation of SnP 
 The structure of SrSnP can be regarded as the elongation after the insertion of Sr atoms 
into the cubic SnP frame followed by the Sr-induced bond inversion, as described in Figure 6.3. 
To make the figure clear, we only show one quarter of the structure of cubic SnP. The binary phase 
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SnP transforms to a tetragonal structure from the cubic NaCl-type structure by increasing pressure 
due to the tendency of insertion of Sr atoms. The structure of SrSnP can be considered as a 
derivative from the tetragonal SnP, both of which exhibit close Sn-P bonding interactions. By 
adding Sr to cubic SnP, half of the Sn-P bonds break and form the Sn-P hetero-dimers with a 
shorter Sn-P distance. Based on the fact that there is only one crystallographic atomic site for each 
atom, we will only describe the change on Sr1 atom surrounded the pyramid of P5@P1-4. Since 
the Sr has less electronegativity than Sn and P is more electronegative than Sn, it is likely to form 
Sr-P close bond rather than Sr-Sn close bond. Therefore, as shown in Figure 6.3, Sn1-P6 has to be 
inversed along c-axis and build up a stronger Sr1-P6 bond. To prove this hypothesis total energy 
Table 6.1 Single crystal refinement for SrSnP at 100 (2) K. 
Refined Formula SrSnP 
F.W. (g/mol) 237.28 
Space group; Z P 4/nmm; 2 
a(Å) 4.342 (1) 
c(Å) 8.939 (2) 
V (Å3) 168.5 (1) 
Extinction Coefficient 0.146 (7) 
θ range (º) 2.278-33.111 
No. reflections; Rint 





R1: ωR2 (I>2(I)) 0.0184; 0.0427 
Goodness of fit 1.190 
Diffraction peak and hole (e-/ Å3) 1.888; -1.361 
Table 6.2 Atomic coordinates and equivalent isotropic displacement parameters of SrSnP system. 
(Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2)) 
Atom Wyck. Occ. x y z Ueq 
P1 2c 1 ¼ ¼ 0.8271(2) 0.0021(3) 
Sr2 2c 1 ¼ ¼ 0.1671(1) 0.0016(2) 
Sn3 2c 1 ¼ ¼ 0.5520(0) 0.0035(2) 
110 
 
Table 6.3 Anisotropic thermal displacements from SrSnP. 
Atom U11 U22 U33 U23 U13 U12 















Table 6.4 The average of chemical composition of SrSnP tested by SEM-EDS. 
Points/Areas Sr % (error) Sn % (error) P % (error) 
1 30.31 (3.02) 33.87 (2.53) 35.81 (5.71) 
2 30.24 (3.02) 33.73 (2.53) 36.03 (5.70) 
3 30.38 (3.06) 33.71 (2.61) 35.91 (5.74) 
4 30.34 (3.01) 33.79 (2.54) 35.87 (5.70) 
5 30.27 (3.02) 33.79 (2.53) 35.94 (5.70) 
6 30.12 (3.01) 33.62 (2.53) 36.25 (5.70) 
Average Composition 30.28 (3.02) 33.75 (2.55) 35.97 (5.71) 
Average Ratio 0.90 (0.09) 1.00 (0.08) 1.07 (0.17) 
calculation of two different SrSnP models was performed. According to these relative total 
energies, the Model (A) for atomic interactions has a significantly lower total energy than Model 
(B), which has no Sn-P bond inversion. The theoretical assessment indicates good agreement with 
the experimental crystallographic results of SrSnP. 
 
Figure 6.2 (A). Crystal structure of SrSnP where the green, grey and red balls represent Sr, Sn and 
P atoms, respectively. (B). Sn-Sr-P-Sn stacking along c-axis labeling with bond lengths. 
111 
 
6.3.3 Superconductivity in SrSnP 
 Figure 6.4 presents magnetic properties of SrSnP. Zero field cooling (ZFC) and field 
cooling (FC) temperature dependence of low field (H = 10 Oe) volume magnetic susceptibility is 
presented in panel (A). There are two clear superconducting transitions visible: at 3.2 K and 2.3 K 
that originate from Sn impurity and SrSnP, respectively. A small difference between the ZFC and 
FC curves suggests weak vortex pinning, that is typical for single crystal samples. Figure 6.4 (B) 
presents volume magnetization vs. applied magnetic field MV(H) measured in the superconducting 
state (T < Tc). At the low field MV(H) is almost symmetrical and suggests that SrSnP is a type-I 
superconductor.35,36  
 To further characterize the superconductivity, Figure 6.5 shows the temperature-dependent 
resistivity curve of SrSnP. The resistivity curve from 3 to 100 K indicates the metallic behavior of 
SrSnP without a phase transition. At 2.3 K, the resistivity of SrSnP undergoes a sudden drop to 
zero, which is a characteristic of superconductivity. 
 To prove that the observed superconductivity is a bulk effect, the superconducting 
properties were characterized further through specific heat (Cp) measurements. Main panel of 
Figure 6.6 (A) shows Cel./T versus T in the superconducting transition region, where Cel is an 
electronic specific heat estimated by subtraction of the lattice contribution (Clatt.) from the 
experimental data - Cp. Large anomaly that is visible in the specific heat data confirms bulk 
superconductivity of SrSnP. An equal area construction, denoted by solid lines, performed in order 
to determine superconducting transition temperature gave a value of Tc = 2.3 K. This temperature 
is in agreement with results obtained from magnetic susceptibility and resistivity measurements. 
Figure 6.6 (B) presents the results of measurement of Cp/T vs T





Figure 6.3 The structure relationship between cubic SnP, tetragonal SnP and tetragonal SrSnP. 
Model (A) and (B) represent the experimental obtained SrSnP and the schematic figure for SrSnP 
without Sn-P bond inversion, respectively. 
 
Figure 6.4 (A). Temperature (T) – dependent magnetic susceptibility (4v) between 1.8-10 K 
performed with zero-field cooling (ZFC) and field-cooling (FC) modes. (B). Magnetization (M) 
vs. applied field (H) at multiple temperatures. 
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and 50 mT magnetic field. The normal state was fitted to the equation Cp/T = γ + βT
2, represented 
by a solid line, where γ is an electronic contribution and β is a phonon contribution to the specific 
heat. The estimated Sommerfeld coefficient is equal to γ = 2.77(7) mJ mol-1 K-2 and β = 0.39(1) 
mJ mol-1 K-4, which is connected to the Debye temperature through the relation: 




where R = 8.31 J mol-1 K-1 and n = 3 for SrSnP. The Debye temperature calculated from this 
formula is ΘD = 246(1) K. Knowing this value, allows calculation of the electron-phonon coupling 
constant from the inverted McMillan formula: 
𝜆𝑒𝑝 =









 Estimated value of λep = 0.55 suggests that SrSnP is a weak coupling superconductor. For 
this calculation the Coulomb repulsion constant was taken as μ* = 0.13. A weak coupling is also 
suggested by the normalized superconducting anomaly jump, that was calculated to be about 
ΔC/ Tc= 1.48, which is slightly above the expected value (1.43) for a weak-coupling BCS 
superconductors.  
 Having both the electron-phonon coupling constant λel-ph and the Sommerfeld coefficient 






 The value for SrSnP is 0.86 states eV-1 per f.u. Figure 6.6 (C) presents the temperature 
dependence of Cp divided by T
3. A maximum of Cp/T
3 occurs at about Tmax ≈ 14 K, and since Tmax 




Figure 6.5 (Main Panel). Temperature-dependent resistivity of SrSnP with the temperature ranging 
from 1.8 to 100 K. (Insert). Resistivity vs temperature at low-temperature region (1.8-3.0 K). 
 
Figure 6.6 (A). Temperature dependence of Cel/T in superconducting transition region. (B). Cp/T 
vs T2 with/without the applied field of 50 mT. A straight solid line represents a fit Cp/T =  + T
2 




6.3.4 Single valent or mixed valent of Sn? 
 With the question of the valence state of Sn in mind, we performed the X-ray Photoelectron 
Spectroscopy (XPS) experiment on SrSnP. Figure 6.7 shows the XPS spectrum of Sn 3d5/2 core-
level region. The asymmetric line shape of Sn 3d5/2 is due to the metallic properties.
37 To clarify 
the valence state of Sn, we assume Sn has mixed valences of Sn0 and Sn2+. Using this hypothesis, 
the fitting peaks of the Sn 3d5/2 core-level are 484.62 eV and 485.40 eV with the atomic ratio of 
5.18:1 between Sn0 and Sn2+. However, according to Figure 6.8, the shape of Sn2+ peak we 
assumed is not reasonable due to the broad characteristic and the full width at half maximum 
(fwhm) of peaks are too large (1.43 & 1.59 eV), which confirms the single valent hypothesis of 
Sn. The peak position of Sn 3d5/2 (484.65 eV) is slightly higher than Sn metal (484.38 eV) which 
is also tested as standard (see Figure 6.9) but lower than Sn-related oxides such as SnO (485.8 
eV)38. The measurement indicates that Sn in SrSnP has only one valence state and the XPS result 
is consistent with that SrSnP has only one Sn site without any structural distortion. Is Sn in the +1 
oxidation state? Usually, Sn0 with 4 valence electrons would be four-bonded with other Sn atoms, 
and Sn+1 will be left with only three valence electrons to form four Sn-Sn bonds with puckered 
nets, if all bonds are assumed to be normal two-center two-electron (2c-2e) bonds. However, the 
observation of four long Sn-Sn bonds implies partially fractional bonding in which the bonds are 
weaker than normal 2c-2e bonds. To further confirm this observation, we integrated the partial 
DOS of Sn, ~ 2.39 and 2.38 valence electrons per Sn without and with SOC, respectively. 
6.3.5 Electronic structure of SrSnP 
 To gain further insights into the electronic influences on the stability and superconducting 
properties of SrSnP, VASP calculations were carried out to evaluate and analyze the band 




Figure 6.7 XPS spectra of Sn 3d core-level. The red and blue lines indicate experimental and fitting 
data, respectively. The x-axis represents binding energy (eV) and y-axis is the photonelectron 
intensity (counts per second (CPS)). 
 




Figure 6.9 XPS spectra of pure Sn metal and oxidized SnO2 surface layer. 
the high-symmetry k points marked. The calculated bulk band structure of SrSnP, generated here 
with the inclusion of spin-orbit coupling (SOC), is shown in Figure 6.10 (B). The band structure 
calculation indicates that the Sn 6p and P 3p orbitals dominate the conduction and valence bands 
around the Fermi level (EF). The Fermi surface is predominantly comprised of two symmetric 
electron pockets along Z-A-Z and -M- and saddle points around  point, which are significant 
for the superconductivity. The “symmetric” band structure is usually originated from the band 
folding in the first Brillouin zone. Furthermore, the band structure of first BZ applies for the crystal 
momentum in the compound. To evaluate the real momentum in SrSnP more accurately, we 
performed the unfolding band structure calculation in the second Brillouin zone. With the Sn-Sr-
P-Sn stacking along c-axis, the closed Sn-Sr-P-Sn chain is repeating along body-diagonal on the 
ab-plane shown in Figure 6.10 (C). In the second BZ picture, electrons encounter Sn atoms in the 
crystal and form the Bloch waves. The electron interactions with P or Sr can be treated as a small 
perturbation to the Block wave. Thus, the second Brillouin zone and band structure are generated 
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in Figure 6.10 (D) and (E). The unfolding of the new BZ marked in a blue line shows the actual 
measured gap is at the M point. A big band gap appears at  point instead. To evaluate the SOC 
effects on the electronic structure of SrSnP, we also calculated the Density of States (DOS) shown 
in Figure 6.11. Interestingly, SOC opens up the electronic gap, but it has no effect on NF (1.59 
states/eV for both). 
6.3.6 Bonding interactions in SrSnP 
 To understand the atomic interactions in the SrSnP, the corresponding –COHP curves were 
calculated and presented in Figure 6.12 (A). It shows that Sr-P bonding and Sn-P antibonding 
interactions govern the atomic interactions contribution around the Fermi level while Sn-Sn 
bonding interaction with Sn-Sn ~3.21Å is not as significant as Sr-P or Sn-P interactions. Moreover, 
the Sr-Sn interactions are barely found. This indicates the importance of Sr-P bonding interaction 
in stabilizing the structure and the possibility for Sn-P antibonding interaction to influence the 
physical properties most. Moreover, the Sn-P bonding interactions are dominated below the Fermi 
level along with Sr-P bonding interactions, which signifies that the crucial bonding interaction in 
SrSnP are Sn-P and Sr-P bonds. Corresponding to the previous structural study between SnP and 
SrSnP, it can be shown that the valence electron contribution from Sr atom overlaps with Sn-P -
like antibonding part (Figure 6.12 (B)). Such overlapping weakens the Sn-P bonding interaction 
and possibly causes the partially bond breakage of Sn-P which leads to the unusual oxidation state 
of Sn in SrSnP. This can be an analogy to Sn in SnP or SnAs12-14 due to the strong electron transfer 
from Sn to P or As in the previous study. Therefore, the lower oxidation state delocalizes more 





Figure 6.10 (A). The first Brillouin zone (BZ) of a primitive tetragonal lattice with high-symmetry 
k points. (B). Band structure of SrSnP with SOC. (C). Repeating Sn-Sr-P-Sn chain along the body 
diagonal of ab-plane. (D). The second BZ of primitive tetragonal lattice. (E). Band structure of 
SrSnP on the second BZ with SOC. 
 








2-orbital of Sr atoms are overlapping with Sn(P)-px/py antibonding orbitals at  
point near the Fermi level which may weaken the Sn-P bonding interaction to create more itinerant 
electrons of Sn. Higher nodal planes are omitted for orbitals. 
6.3.7 Electron-phonon coupling in SrSnP 
 To test whether this molecule-like hypothesis works for SrSnP in the context of the 
electron-phonon coupling expected from a physics-based picture, the systematic calculations for 
the electron-phonon coupling of SrSnP was calculated by use of the program Quantum Espresso. 
Figure 6.13 (A) and (B) show the phonon spectrums of SrSnP with and without SOC. It can be 
clearly noted that the most contribution comes from Sn and SOC affects the phonon band at M 
point significantly, which also hosts the saddle points in the electronic band structure. In our 
calculations in Figure 6.14, we find the total electron-phonon coupling strength λel-ph to be 0.59 
without SOC and 0.62 with SOC, which is consistent with the experimental evaluation. Using the 
McMillan formula, the superconducting transition temperatures Tcs are estimated to be 1.95 K 
SrSnP without SOC and 2.15 K for SrSnP with SOC. The theoretical prediction of Tc with SOC 
matches with our experimental result Tc = 2.3 K very well, which indicates the SOC can help to 




Figure 6.13 (A). The phonon spectrums of SrSnP with and without SOC. (B). Phonon mode with 
consideration of SOC for different atoms where the blue, red and green lines represent Sn, Sr and 
P atoms, respectively. 
6.3.8 Spin-orbit coupling (SOC) on Tc 
 How does SOC improve the Tc? Derived from the BCS theory, the superconducting critical 
temperature can be expressed as kTc = 1.13 ħexp(-1/N(EF)V), where V is a merit of the electron-
phonon interaction, N(EF) is the DOS at Fermi level, and  is a characteristic phonon frequency. 
The SOC usually affects the superconducting transition temperature by influencing N(EF) or . In 
SrSnP, since the SOC gap is near the high symmetry point, the impact of SOC on N (EF) is quite 




Figure 6.14 Phonon band structure and Density of States (DOS) of SrSnP with/without SOC to 
generate the  and predict the critical temperatures. 
6.4 Conclusion 
 Herein, we successfully grew the single crystal of reported ternary compound SrSnP with 
a tetragonal space group of P4/nmm. Physical properties measurements confirm the existence of 
bulk superconductivity, which is consistent with the electronic and phononic calculation prediction. 
We used XPS measurements to examine the single valent state of Sn in SrSnP, which is critical 
for the superconductivity. From a chemistry viewpoint, the Sr-P bonding and Sn-P antibonding 
interactions are related to the anomalous oxidation state of Sn and superconductivity in SrSnP. The  
systematic electron-phonon coupling calculation from physics perspectives matches well with the 
molecule-based chemistry picture. The experimental and partial theoretical superconducting and 
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thermodynamic parameters of SrSnP are summarized in Table 6.5. More interestingly, the strong 
spin-orbit coupling increases the critical temperature in SrSnP. 
Table 6.5 Experimental and partial theoretical superconducting and thermodynamic parameters of 
SrSnP. 
Parameters Experimental Theoretical 
Tc (K) 2.3 
1.95 (with SOC) 
2.15 (without SOC) 
Hc (Oe) 44(1) \ 
 (mJ mol-1 K-2) 2.77(7)  \ 
 (mJ mol-1 K-4) 0.39(1) \ 
D (K) 246 (1) \ 
ΔC/Tc 1.48 \ 
λel-ph 0.55 
0.62 (with SOC) 
0.59 (without SOC) 
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CHAPTER 7. Pt-RICH INTERMETALLIC APt8P2 (A = Ca AND La) 
7.1 Design strategy and introduction 
 Platinum-based intermetallic compounds are attractive in materials science due to a variety 
of applications such as heterogeneous catalysis and new superconductors.1-7 Pt-based 
superconducting materials receive remarkable attention for their unique properties, especially the 
unconventional mechanism behind the electron-phonon coupling and the coexistence of 
superconductivity and other physical phenomena (Charge-Density-Waves (CDWs), magnetism, 
et. al.).8-25 For example, the first heavy-fermion superconductor with non-centrosymmetric crystal 
structure was discovered in CePt3Si with Tc ~ 0.75 K.
15 Another heavy-fermion superconductor 
UPt3 shows multiple distinct superconducting phases.
14,26 Recent study on layered SrPt2As2 with 
coexistence of superconductivity and CDWs shows that the local split distortions of Pt atoms in 
PtAs layers plays a critical role in driving the CDW instability as well as enhancing the 
superconductivity by softening phonon.27,28 In addition to these unconventional superconductors, 
there are also interesting Pt-rich superconductors, for example, noncentrosymmetic Li2Pt3B and 
LaPt3Si.
16,17 Recently, a series of Pt-rich antiperovskite-type intermetallic compound, APt3P (A = 
Ca, Sr and La), which is closely related to CePt3Si, were found to host strong coupling 
superconductivity with Tc up to 8.4 K.
29 In 2016, Nishii’s group synthesized a new superconductor 
LaPt5As at 10 GPa and the superconducting temperature of LaPt5As is 2.6 K.
30 The density 
functional theory (DFT) calculations of LaPt5As indicate that Pt layers play a significant role in 
transporting the superconducting current in the layered phase.  
Herein, we report the synthesis of two newly-discovered Pt-rich intermetallic compounds  
* Chapter 7 is reprinted with permission from Gui, X.; Sobczak, Z.; Klimczuk, T.; Xie, W. Pt-rich 
intermetallic APt8P2 (A= Ca and La). J. Alloys Compd. 2019, 798, 53-58. 2019 Elsevier B.V. All 




APt8P2 (A = Ca and La) with the same structure type as reported DyPt8P2.
31 The heat capacity 
measurement shows no superconductivity down to 1.8 K. The bond analysis suggests that the 
difference of Pt-Pt antibonding interaction could lead to the shrinkage of c axis in APt8P2 rather 
than bulk superconductivity based on the hypothesis in our previous superconducting BaPt2Bi2 
paper that the strong antibonding interactions may be critical for the superconducting state.32 
7.2 Experimental section 
7.2.1 Preparation of polycrystalline samples of Ca(La)Pt8P2 
 The polycrystalline samples of Ca(La)Pt8P2 are produced via traditional solid-state method. 
Elemental calcium (>99.99%, granules, Beantown Chemical) / lanthanum (≥99.9%, <200 mesh, 
Alfa Aesar), platinum (99.98%, ~60 mesh, Alfa Aesar) and red phosphorus (99%, ~ 100 meshes, 
Beantown Chemical) were put into an alumina crucible with the molar ratio of 1:5:1. An evacuated 
glass tube with crucible inside was heated to 1050 °C in a Thermal Scientific furnace and stay for 
2 days. The furnace was turned off after heating treatment and the tube was air-quenched. A piece 
of metal-like chunk was obtained and stored in glovebox. 
7.2.2 Phase identification and structure determination 
 A Rigaku MiniFlex 600 powder X-ray diffractometer (XRD) equipped with Cu K  
radiation (=1.5406 Å, Ge monochromator) was applied to determine the phases of CaPt8P2 and 
LaPt8P2. Scanning angle was set between 5 to 90
o with a step of 0.005o at a rate of 0.08°/min. The 
powder XRD patterns are fitted by Rietveld method in Fullprof with the use of calculated pattern 
from single crystal data.33 
 Multiple pieces of crystals were measured under room temperature by a Bruker Apex II 
diffractometer equipped with Mo radiation (= 0.71073 Å). Samples protected by glycerol were 
mounted on a Kapton loop. Seven different positions selected by Bruker APEX3 software were 
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utilized to determine a detailed set of data. The measurement was performed with an exposure time 
of 10 seconds per image and a scanning 2 width of 0.5. Structure solving was carried out by 
using direct methods and full-matrix least-squares on F2 models with SHELXTL package.34 Data 
acquisition was made via Bruker SMART software with the corrections on Lorentz and 
polarization effect done by SAINT program. Numerical absorption corrections were accomplished 
with XPREP, which is based on the face-index modeling.35,36 
7.2.3 Physical properties measurement 
 The measurement was performed by using Physical Property Measurement System 
(Quantum Design PPMS). A standard relaxation calorimetry method was used and the data were 
collected in zero magnetic field between 1.85 K and 300 K. The measurement was performed by 
using ACMS option of Physical Property Measurement System (Quantum Design PPMS) in DC 
mode with applied magnetic field of 9 T. 
7.2.4 Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-
LMTO-ASA) 
 Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-LMTO-
ASA) using the Stuttgart code was applied to calculate Crystal Orbital Hamiltonian Population (-
COHP) curves which are able to identify bonding/antibonding interaction for compounds.37-39 All 
integrated values were generated with a convergence criterion of 0.05 meV and a mesh of 164 k 
points.40 In the ASA method, overlapping Wigner-Seitz (WS) spheres were employed to filled the 
space where the symmetry of the potential is treated as spherical with a combined correction on 
the overlapping part. The WS radii are: 2.148 Å for Ca; 2.171 Å for La; 1.363 Å for Pt; and 1.278 
Å for P. Empty spheres are required for the calculation, and the overlap of WS spheres is limited 
to no larger than 16%.  The basis set for the calculations included Ca: 4s, 4p, 3d; La: 6s, 6p, 5d, 
4f; Pt: 6s, 6p, 5p, 5d; and P: 3s, 3p, 3d wavefunctions. The 4p orbital of Ca, 6p orbital of La, 5p 
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orbital of Pt and 3d orbital of P atoms are automatically downfolded determined by TB-LMTO-
ASA program. 
7.2.5 Electronic structure calculations 
 The band structure and density of states (DOS) of Ca(La)Pt8P2 were calculated using the 
WIEN2k code, which has the full-potential linearized augmented plane wave method (FP-LAPW) 
with local orbitals implemented.41,42 The structural lattice parameters obtained from experiments 
are used for the calculation. For treatment of the electron correlation within the generalized 
gradient approximation, the electron exchange-correlation potential was used with the 
parametrization by Perdew et. al. (i.e. the LDA).43 The conjugate gradient algorithm was applied 
and the energy cutoff was 500 eV. Reciprocal space integrations were completed over a 10×5×10 
Monkhorst-Pack k-points mesh.44 With these settings, the calculated total energy converged to less 
than 0.1 meV per atom. 
7.3 Results and discussion 
7.3.1 Crystal structure, phase and chemical composition determination 
 Crystal structures of APt8P2 (A=Ca & La) have been determined identical with DyPt8P2, 
the only reported compound holding this structure type.31 Both CaPt8P2 and LaPt8P2 crystallize in 
space group I 2/m (S. G. 12). The crystallographic data are listed in Table 7.1, 7.2 and 7.3. It can 
be found that with the substitution of M atoms from Ca (180 pm), which has a smaller atomic 
radius, to La (195 pm), which has a larger atomic radius, the lattice parameters of a & b and the 
unit cell’s volume were increasing.45 However, the unit cell shrinks along c-axis in LaPt8P2. The 
possible reason for this will be discussed in the bonding analysis part. As shown in Figure 7.1(A), 
the major frame of Ca(La)Pt8P2 is constructed by the repeating units enclosed in red lines which 




Figure 7.1 (A). Crystal structure of Ca(La)Pt8P2. Green, grey, orange and pink balls represent 
Ca(La), Pt1/Pt2/Pt3, Pt4 and P atoms, respectively. (B). Powder X-ray diffraction (XRD) pattern 
of CaPt8P2 fitted by Rietveld method. (C). Rietveld fitting of powder XRD pattern for LaPt8P2. 
Table 7.1 Single crystal crystallographic data for APt8P2 (A = Ca and La) at 293 (2) K. 
Refined Formula CaPt8P2 LaPt8P2 
F.W. (g/mol) 1662.66 1761.57 












 () 102.85 (3) 102.06 (3) 
V (Å3) 349.0 (1) 358.6 (1) 
Extinction Coefficient 0.00032 (4) 0.00168 (9) 
θ range (deg) 2.761 - 33.192 2.765 - 33.084 
No. reflections; Rint 4023; 0.0466 4118; 0.0524 
No. independent reflections 749 759 
No. parameters 36 36 
R1: ωR2 (all I) 0.0273; 0.0575 0.0264; 0.0675 
Goodness of fit 1.027 1.175 
Diffraction peak and hole (e-/ Å3) 3.616; -3.688 4.542; -6.744 
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Pt1-Pt2-Pt3 layers. Ca/La atoms are embedded inside the holes between every two repeating units 
and collinear with two circled Pt4 atoms. 
 The phases of both samples are determined by Rietveld refinement performed in Fullprof 
suite. The powder X-ray diffraction (PXRD) pattern of CaPt8P2, as shown in Figure 7.1(B), 
indicates that a nearly pure phase was obtained based on the high-quality fitting. According to 
Figure 7.1(C), some undefined peaks were found which implies impurities in LaPt8P2 batch. 
However, majority peaks of LaPt8P2 can be fitted with the calculated pattern. Therefore, we can 
basically tell that both crystal structures are consistent with the PXRD pattern. 
Table 7.2 Atomic coordinates and equivalent isotropic displacement parameters of APt8P2 (A = 
Ca, La) system under different pressures (Ueq is defined as one-third of the trace of the 
orthogonalized Uij tensor (Å
2)). 
CaPt8P2: 
Atom Wyckoff. Occ. x y z Ueq 
Pt1 2c 1 0.3318 (1) 0 0.1786 (1) 0.0048 (1) 
Pt2 2c 1 0.3447 (1) 0 0.4724 (1) 0.0047 (1) 
Pt3 2c 1 0.0147 (1) 0 0.1636 (1) 0.0046 (1) 
Pt4 2c 1 0.6435 (1) 0 0.2358 (1) 0.0052 (1) 
Ca5 2c 1 ½ ½ 0 0.0076 (8) 
P6 2c 1 0.2364 (4) 0 0.9408 (4) 0.0054 (7) 
LaPt8P2: 
Atom Wyckoff. Occ. x Y z Ueq 
Pt1 2c 1 0.3305 (1) 0 0.1785 (1) 0.0001 (1) 
Pt2 2c 1 0.3451 (1) 0 0.4711 (1) 0.0001 (1) 
Pt3 2c 1 0.0168 (1) 0 0.1652 (1) 0.0001 (1) 
Pt4 2c 1 0.6433 (5) 0 0.2360 (1) 0.0002 (1) 
La5 2c 1 ½ ½ 0 0.0003 (2) 
P6 2c 1 0.2297 (4) 0 0.9392 (4) 0.0002 (6) 
7.3.2 Physical properties measurements of Ca(La)Pt8P2 
 Figure 7.2 shows results of the heat capacity (Cp) measurements, plotted as Cp/T vs T
2, for 
CaPt8P2
 and LaPt8P2. Temperature dependence of Cp between 1.85 K and 300 K are shown in 
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Figure 7.3. In both samples, no clear anomaly of the specific heat was observed implying that both 
compounds are not superconductors above 1.85 K. The low temperature (1.85 K < T < 30 K)  
Table 7.3 Anisotropic thermal displacements from MPt8P2 (M = Ca and La). 
CaPt8P2: 
Atom U11 U22 U33 U23 U13 U12 
Pt1 0.0049 (2) 0.0062 (3) 0.0026 (3) 0 -0.0003 (2) 0 
Pt2 0.0054 (2) 0.0049 (2) 0.0038 (3) 0 0.0015 (2) 0 
Pt3 0.0041 (2) 0.0050 (2) 0.0047 (3) 0 0.0010 (2) 0 
Pt4 0.0056 (3) 0.0068 (2) 0.0039 (3) 0 0.0025 (2) 0 
Ca5 0.006 (2) 0.011 (2) 0.005 (2) 0 0.000 (2) 0 
P6 0.005 (2) 0.007 (2) 0.004 (2) 0 0.000 (1) 0 
LaPt8P2: 
Atom U11 U22 U33 U23 U13 U12 
Pt1 -0.0013 (2) 0.0044 (2) -0.0011 (2) 0 0.0036 (2) 0 
Pt2 -0.0004 (2) 0.0032 (2) 0.0000 (2) 0 0.0056 (2) 0 
Pt3 -0.0015 (2) 0.0029 (2) 0.0012 (3) 0 0.0051 (2) 0 
Pt4 -0.0008 (2) 0.0035 (2) 0.0003 (2) 0 0.0057 (2) 0 
La5 -0.0007 (4) 0.0035 (4) 0.0002 (4) 0 0.0046 (3) 0 
P6 0.000 (1) 0.003 (1) 0.000 (1) 0 0.006 (1) 0 
 
experimental data were fitted using the formula Cp/T=+T
2, where the first and the second 
parameters are the electronic and the lattice contribution to the specific heat, respectively. The fits 
yield (CaPt8P2) = 13.6 (2) mJ mol
-1 K-2, (LaPt8P2) = 15.5 (2) mJ mol
-1 K-2, and (CaPt8P2) = 
1.304 (9) mJ mol-1 K-4, (LaPt8P2) = 1.113 (8) mJ mol
-1 K-4. With the use of equation: 







where R = 8.31 J mol-1 K-1 and n = 11 for Ca(La)Pt8P2, we can find the Debye temperature of 
(CaPt8P2)=253.9 (6) K, (LaPt8P2)=267.6 (6) K. Due to the higher fitted Debye temperature, we can 
determine that the atoms in LaPt8P2 should be harder to vibrate and the interaction between atoms 
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in LaPt8P2 is stronger than that in CaPt8P2, which will be further explained in bonding analysis 
part. 
 As shown in Figure 7.3, for both samples at room temperature Cp is close to the value 
calculated from the Dulong-Petit law 3nR ≈ 274 J mol-1 K-1, where n is number of atoms per 
formula unit (here n = 11) and R is the gas constant. The solid red line is showing the fit to the 
combined model Cp = Cel + kCDebye + (1-k)CEinstein. The electronic heat capacity (Cel) is given by 
Cel = γT, and a value of γ was held constant as obtained from a low temperature Cp/T vs T
2 fit 
discussed in the main text. The phonon contributions to Cp was calculated by Debye (CDebye) and 


























































 In the fit k = 0.69(1) and 0.62(1) belongs to CDebye (denoted as a green line) for CaPt8P2 
and LaPt8P2, respectively. The remaining 0.31 and 0.38 of the weight for CaPt8P2 and LaPt8P2, 
respectively, comes from CEinstein part of heat capacity (marked with the blue line).  
 The fit gives the same value of the Debye temperature ΘD = 341(4) K for both studied 
compounds and the Einstein temperatures ΘE = 101.5(9) K and ΘE = 107.3(9) K for CaPt8P2 and 
LaPt8P2, respectively. Values of Debye temperatures acquired from the fit are slightly higher than 
those obtained from the low temperature Cp/T vs T
2 fit. The difference is most likely caused by the 




 Temperature dependence of magnetic susceptibility measured under magnetic field μ0H = 
9 T for LaPt8P2 and CaPt8P2 is presented in Figure 6.4. Both compounds show diamagnetic 
behavior down to 1.9 K. 
 
Figure 7.2 Heat capacity Cp/T vs T
2 without applied field measurements for CaPt8P2 (top panel) 
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Figure 7.3 Temperature-dependence of heat capacity (Cp) for (A) CaPt8P2 & (B) LaPt8P2 with 
fitting by combination of Debye and Einstein models. 
7.3.3 Band structure & density of states (DOS) of Ca(La)Pt8P2 
 The band structure and density of states (DOS) of both compounds with considering spin-
orbit coupling (SOC) effect are presented in Figure 7.5. The conventional unit cells were used to 
construct reciprocal lattice. The f orbitals of La atoms were included in the band structure near 3.0 
eV but omitted in DOS due to its less significance and larger scale relative to other orbitals. Both 
band structure and DOS are with the same pattern for both compounds except that the Fermi level 
moves up in LaPt8P2 because of more electrons in La atoms. The d orbitals of Pt atoms contribute 
the most around and below the Fermi level. 
7.3.4 Bonding analysis of Ca(La)Pt8P2 
 The results of Crystal Orbital Hamiltonian Population (-COHP) calculation for major 
interactions of APt8P2 and the visualization of bonds are shown in Figure 7.6 (A) & (B). Six major 
antibonding interactions and two significant bonding interactions in each compound were selected 
into comparison. The order of COHP for Ca(La)Pt8P2 near EF is listed from the most- to the least 
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contributed ones in Table 7.4. When there are two types of bonds between two atoms, they are 
labelled according to their relative bond lengths (long or short). 
 
Figure 7.4 Magnetic susceptibility vs. temperature measured in magnetic field μ0H = 9 T for 
LaPt8P2 and CaPt8P2. 
 
Figure 7.5 Band structure and density of states with consideration of SOC effect of Ca(La)Pt8P2. 
(A). CaPt8P2; (B). LaPt8P2. 
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Table 7.4 COHP order near Fermi level for both antibonding/bonding parts in Ca(La)Pt8P2. 
 Order CaPt8P2 LaPt8P2 
Antibonding 1st Pt1-Pt2 (short) Pt1-Pt2 (short) 
 2nd Pt1-Pt3 (short) Pt1-Pt3 (short) 
 3rd Pt3-Pt4 Pt3-Pt4 
 4th Pt2-Pt3 (long) Pt4-Pt4 
 5th Pt4-Pt4 Pt2-Pt3 (long) 
 6th Pt4-P6 (short) Pt4-P6 (short) 
Bonding 1st Ca5-P6 La5-P6 
 2nd Ca5-Pt4 Pt4-P6 (long) 
 Antibonding part: Pt1-Pt2 interaction are the most dominant antibonding components. 
There are mainly two types of Pt1-Pt2 interaction which are Pt1-Pt2 dimer and Pt1-Pt2 zig-zag 
chain. In CaPt8P2, Pt1-Pt2 zig-zag chain with a shorter bond length, which is located within the 
repeating unit, contributes the most. However, the Pt1-Pt2 dimer in LaPt8P2, which is with short 
bond length locating between Pt1-Pt2-Pt3 layers, becomes the most significant antibonding 
interaction. Regarding the bond length of Pt1-Pt2 dimer, the one in LaPt8P2 is shorter than that in 
CaPt8P2 which implies a stronger “interlayer” interaction. This can be supported by the integrated 
COHP (ICOHP) and ICOHP% value, which indicate the bond strength and the percentage of bond 
strength among all bonds, that ICOHP (ICOHP%) of Pt1-Pt2 dimer in LaPt8P2 is 2.044 (5.55%) 
vs 0.58 (1.80%) for the one in CaPt8P2 around Fermi level (EF). Since Pt1-Pt2 dimer is along c-
axis, it can be speculated that the stronger Pt1-Pt2 dimer should be the reason why latter parameter 
c in LaPt8P2 is smaller than that in CaPt8P2. 
 Pt1-Pt3/Pt3-Pt4 zig-zag chains locate within the repeating unit and are the second/third 
most dominate antibonding interaction for both CaPt8P2 and LaPt8P2. Considering that the ICOHP% 
of Pt4-P6 in CaPt8P2 (9.16%) is larger than that in LaPt8P2 (7.51%), we can conclude that there are 
more bonding components in Pt4-P6. Therefore, more electrons of Pt4 atoms are distributing in 
bonding orbitals so that less electrons can be assigned to Pt4-Pt4 antibonding part. This is the 
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reason why antibonding Pt2-Pt3 zig-zag chains contribute more at EF than Pt4-Pt4 in CaPt8P2 while 
the order is reverse in LaPt8P2. 
 
Figure 7.6 (A). Crystal Orbital Hamiltonian Population (-COHP) curves of major interatomic 





 Bonding part: Ca(La)-P bonds are the strongest bonding interaction around EF to stabilize 
the structure. Ca5-Pt4 nets are the second strongest bonding interaction in CaPt8P2. However, La5-
Pt4 in LaPt8P2 is antibonding near EF. This may due to the fact that with +2 valence state, La has 
one more outermost electron to bond with surrounding atoms so that more electrons can be  
assigned to La5-Pt4 antibonding orbitals. Therefore, La5-Pt4 antibonding interaction can promote 
the bonding part of Pt4-P6 (long) since more electrons can distribute between the longer Pt4-P6 
bond.46 Moreover, the total ICOHP value of LaPt8P2 is 36.86 eV while that of CaPt8P2 is only 
32.41 eV, which indicates that the total bonding strength in CaPt8P2 is not as strong as LaPt8P2, 
which further verified the higher Debye temperature and the lower mobility of atoms in LaPt8P2. 
7.4 Conclusion 
 Two new Pt-rich intermetallic compounds, CaPt8P2 and LaPt8P2, were synthesized and the 
heat capacity measurements show no transition peaks between 2 to 300 K which indicates there is 
no superconductivity in both samples above 2 K. The band structure and DOS suggest that d 
orbitals in Pt atoms are dominant near the Fermi level. According to COHP calculation, we 
conclude that the difference of both types of Pt1-Pt2 antibonding interaction could be the reason 
why the lattice parameter c of LaPt8P2 is shorter than that of CaPt8P2. 
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CHAPTER 8. A NOVEL INTERMETALLIC MATERIAL BY DESIGN: 
OBSERVATION OF Yb3+ WITH SPIN-1/2 AND SUPERCONDUCTING 
TRACE IN YbxPt5P 
8.1 Design strategy 
 Even though the Ca/LaPt8P2 are not superconductors and the proposed Ca/LaPt5P were 
failed to make, by substituting the Ca/La into a heavier rare-earth element, Yb, we successfully 
incorporated the CeCoIn5-like structure with high-Pt-concentration compounds, YbPt5P.  
8.2 Introduction 
 Understanding the electronic interactions in intermetallic compounds and designing the 
functional materials with targeted physical properties accordingly have been long-standing 
challenges in the materials science. One side, the classical chemical concepts, such as charge 
balance arguments and electron-counting rules, do not work for the intermetallic compounds with 
strong electron correlation, partially the valence orbital manifold, and occasionally relativistic 
effects.1 On the other side, quantum-chemical techniques including machine-learning is hindered 
by the limited data of materials with specific properties, such as superconductivity.2-4 The interplay 
between superconductivity and magnetism, which can happen under very restricted conditions, 
has the potential to lead to exotic new condensed matter physics and quantum devices. The 
coexistence of superconductivity and magnetism in a single material system is very rare.5–10 
Materials physicists have worked to realize this state by fabricating hybrid nanostructures that 
combine both superconducting and magnetic layers, and along similar lines chemists have used 
solvent methods to build up hybrid materials with superconducting and magnetic fragments, most  
* Chapter 8 has been submitted to ACS Central Science as Gui, X., Chang, T. -R., Wei, K., Daum, 
J. M., Baumbach, R. E., Mourigal, M., Xie, W. A Novel Intermetallic Material by Design: 




of which are not fully ordered.11–15 It is highly demanding to design and synthesize a new bulk 
material that displays the coexistence of superconductivity and magnetism in a single substance. 
One chemical perspective for discovering new functional materials especially superconductors is 
to posit that similar physical properties can be observed in structural families. A well-known 
example is the HoCoGa5-type structure motif type becoming intriguing after the discovery of 
heavy fermion superconductivity in CeCoIn5
16. The indium analogs, CeTIn5 (T-Transition Metals) 
show an intricate interplay of superconductivity and magnetism, e.g. unconventional 
superconducting CeCoIn5 and antiferromagnetic CeRhIn5
17. 
 Heavy fermion superconductors, most of which are 4f1 Ce-based, are one way that the two 
kinds of electronic systems can interact,16–19 and an alternative is for more weakly coupled rare 
earth-metal systems, such as is seen for rare earth Chevrel phases6,20–23 and the lanthanide 
borocarbides.24–28 Yb3+, with a 4f13 electronic configuration, is often considered as the hole 
analogue of Ce3+, however, only a single Yb-based heavy-fermion superconductor, YbAlB4 has 
been reported to date, with Tc = 0.08 K;
29 the large discrepancy must be due to unfavorable Yb-
metal hybridization energies in most cases.  
 The ternary compound LaPt5As, synthesized in rhombohedral symmetry under high 
pressure, provides a new avenue for research because, although non-magnetic, it hosts 
superconductivity with Tc~2.6 K
30. Consisting of Pt-rich layered networks, superconducting 
LaPt5As inspired us to incorporate a magnetic rare earth element (Yb
3+) into the platinum-pnictide 
system. The much smaller ionic radius of Yb compared to La led us to replace As3- with smaller 
P3- to stabilize a hypothetical YbPt5P at ambient pressure. This may yield both superconducting 
and magnetic properties in a single material. 
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 Thus, here we report a new material YbxPt5P with a thorough crystallographic and physical 
properties characterization. YbxPt5P crystallizes in tetragonal TlPt5As-type structure with the space 
group P4/mmm. The structure can be considered as the anti-format of CeCoIn5. According to single 
crystal X-ray diffraction, the Yb content (x) in YbxPt5P varies significantly from x= 0.23~0.96. We 
studied the magnetic and electronic properties on two samples with x = 0.23 (1) and 0.96 (1). In 
Yb0.23(1)Pt4.87(4)P0.90(5), we observe a superconducting transition around 0.6 K and a magnetic state 
near 0.3 K. As increasing the occupancy of Yb, the superconductivity was suppressed in 
Yb0.96(1)Pt5P. Our new quantum material can be a distinct platform for studying the interactions 
between superconductivity and magnetism in a material with strong spin-orbit coupling. 
8.3 Methods 
8.3.1 Synthesis 
 YbxPt5P samples with several loading compositions (x= 0.4, 0.5, 0.8 and 1.1) were 
synthesized by a high-temperature solid-state method. Stoichiometric elemental Yb (<200 mesh, 
Alfa Aesar, ≥ 99.9%), Pt (~22 mesh, Beantown Chemical, ≥ 99.99%) and red P (~100 mesh, 
Beantown Chemical, ≥ 99%) were mixed well, and pressed into a pellet inside an argon-filled 
glovebox. The pellet was placed in an alumina crucible which was then sealed in an evacuated 
quartz tube. Heat treatment to 950 oC was carried out with a rate of 30 oC per hour in a Thermo 
Scientific furnace. After holding at 950 oC for two days, the tubes were slowly cooled to room 
temperature in five days. Based on our experiments, heating at 950 oC longer than 10 days would 
lead to the decomposition of YbxPt5P and a low ratio of Yb less than x = 0.5 will less possibly 
yield the appropriate phases. Small single crystals (~0.4×0.2×0.02 mm3) were attached to the bulk 
polycrystalline material, as shown in Figure 8.1. In most of the cases, some impurities appeared as 
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black powder, which can be removed by soaking in ethanol in an ultrasonic bath for 20 minutes. 
YbxPt5P is resistible to both air and moisture. 
8.3.2 Phase identification 
 The phase purity was determined by using a Rigaku MiniFlex 600 powder X-ray 
diffractometer (XRD) with Cu K radiation (=1.5406 Å, Ge monochromator). A long scan with 
the Bragg angle ranged from 3° to 90° in a step of 0.005° at a rate of 0.35°/min was performed for 
each sample. Rietveld method was utilized to fit the powder XRD pattern in the Fullprof Suite 
according to the calculated pattern from single crystal data.31 
 
Figure 8.1 The crystal attached to a polycrystalline matrix. 
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8.3.3 Structure determination 
 Multiple pieces of crystals (~20×40×40 m3) were measured to get precise structural 
information. A Bruker Apex II diffractometer equipped with Mo radiation (K= 0.71073 Å) was 
applied to explore the crystal structure at room temperature. The small crystals were stuck to a 
Kapton loop with glycerol. Four different positions were chosen to take the measurement with an 
exposure time of 10 seconds per frame and the scanning 2 width of 0.5. Direct methods and full-
matrix least-squares on F2 models with SHELXTL package were applied to solve the structure.32 
Data acquisition was obtained via Bruker SMART software with the corrections on Lorentz and 
polarization effect done by SAINT program. Numerical absorption corrections were accomplished 
with XPREP, which is based on the face-index modeling.33 
8.3.4 Physical property measurements 
 All the physical property measurements were performed on pieces of as-grown samples 
extracted from the sample crucible. The measured pieces consisted of a mixture of polycrystalline 
matrix and single crystals which were semi-randomly oriented with respect to each other. 
Magnetization measurements were carried out for temperatures T = 1.8 – 300 K using a Vibrating 
Sample Magnetometer (VSM) in Quantum Design PPMS systems. The heat capacity was 
measured for T = 0.05 – 2 K using a Dilution Refrigerator (DR) and for T = 2 – 200 K using the 
Heat Capacity (HC) option of the same Quantum Design PPMS systems.  Electrical resistivity 
measurements were performed in a four-wire configuration with platinum or gold wires and silver 
contacts for T = 0.1 – 300 K using the Adiabatic Demagnetization Refrigerator (ADR) option or 
using the combination of Dilution Refrigerator and Electrical Transport (ETO) options. 
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8.3.5 Electronic structure calculation 
 The bulk electronic structures of YbPt5P were computed using the projector augmented 
wave method34,35 as implemented in the VASP package36 within the generalized gradient 
approximation (GGA)37 and GGA plus Hubbard U (GGA+U)38 scheme. On-site U = 7 eV and 4 
eV were used for Yb f-orbitals and Pt d-orbitals, respectively. The spin−orbit coupling (SOC) was 
included self-consistently in the calculations of electronic structures with a Monkhorst–Pack k-
point mesh 20 × 20 × 10. The experimental structural parameters were employed. 
8.3.6 X-ray Photoelectron Spectroscopy (XPS) 
 The oxidation states of Yb, Pt and P atoms for Yb0.67Pt5P and YbPt5P are determined by a 
Kratos AXIS 165 XPS/AES equipped with standard Mg/Al and high-performance Al 
monochromatic source in an evacuated (10-9 torr) chamber at room temperature. 
8.4 Results and discussion 
8.4.1 Phase information, crystal structure and chemical composition determination: 
 Single Crystal X-ray Diffraction (SXRD) analysis shows that YbxPt5P adopts the tetragonal 
structure illustrated in Figure 8.2a, with space group P4/mmm, which can be considered an anti-
CeCoIn5-type
12 while in YbxPt5P, Yb and Pt atoms are located on the 1a and 1c sites and in 
CeCoIn5, the Ce and Co atoms occupy the 1c and 1a sites. The structure of YbxPt5P is layered, 
with planes of phosphorous atoms separating square-lattice layers of truncated YbPt12 cuboids. 
These cuboids host two distinct Yb-Pt distances (i.e. Yb-Pt1: 2.876 (1) Å and Yb-Pt2: 2.810 (2) Å 
in Yb0.96(1)Pt5P.) The refined crystallographic data including atomic positions, site occupancies, 
and isotropic thermal displacements for the different Yb concentrations studied in detail are 
summarized in Tables 8.1 and 8.2. Our synthetic approach yielded YbxPt5P with various Yb ratios. 




Figure 8.2 Structural determination and phase characterization of YbxPt5P. a. The crystal structure 
of YbPt5P, where green, grey, and red spheres represent Yb, Pt and P atoms, respectively. b. The 
Rietveld refinements of powder X-ray diffraction patterns of YbxPt5P with x = 0.25, 0.67, and 1. 
The red line and dot indicate the observed reflection patterns and the black line represents the 
calculated pattern obtained from single crystal XRD. The calculated patterns and the peak 
positions of YbPt5P are indicated by green vertical ticks. 
This aspect of the structural chemistry influences the bulk physical properties. Table 8.3 
summarizes the synthetic results from the powder X-ray diffraction patterns and single crystal X-
ray diffraction of selected samples. Of these, the low-Yb loadings yielded a mixture of 151-phase 
and unreacted Pt phase, which can be distinguished by the optical microscope. Attempts to 
stabilize the 151-phase with homogenous Yb occupancy by extending the annealing time results 
in the decomposition of 151-type phases. The powder X-ray diffraction patterns of YbxPt5P were 
shown in Figure 8.2b. It can be found that YbxPt5P phases were obtained with slight Pt or PtP2 
impurity with different occupancy of Yb. The samples used to perform the physical properties 
measurements were taken from the same specimen. After measurements done, the samples were 
ground into powder and the powder X-ray diffraction measurement confirmed the chemical 
compositions again. 
 For the X-ray powder diffraction patterns, all scale factors and lattice parameters were 
refined, while the displacement parameters of all atoms were assumed to be anisotropic. The 
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Table 8.1 Single crystal structure refinement for YbxPt5P at 296 (2) K. 
Refined Formula Yb0.23(1)Pt4.87(4)P0.90(5) Yb0.29(1)Pt5P Yb0.663(4)Pt5P Yb0.96(1)Pt5P 
F.W. (g/mol) 1017.76 1056.60 1120.63 1172.54 
Space group; Z P 4/mmm; 1 P 4/mmm; 1 P 4/mmm; 1 P 4/mmm; 1 
a(Å) 3.9001 (3) 3.911 (1) 3.951 (1) 3.974 (2) 
c(Å) 6.8108 (5) 6.842 (2) 6.953 (2) 7.009 (4) 
c/a 1.746 1.749 1.760 1.764 
V (Å3) 103.60 (2) 104.68 (7) 108.56 (6) 110.7 (1) 
Extinction 
Coefficient 
0.026 (3) 0.012 (2) 0.0076 (8) 0.0028 (3) 
θ range (º) 2.991-33.141 2.977-33.039 2.930-33.314 2.906-33.025 




1848; 0.0521 1130; 0.0514 2878; 0.0418 2589; 0.0372 
152 153 163 164 
15 13 13 13 







Goodness of fit 1.438 1.072 1.349 1.108 
Diffraction peak and 
hole (e-/ Å3) 
4.757; -6.559 4.037; -4.968 2.335; -2.759 1.993; -3.909 
 
refined lattice parameters for YbxPt5P phases showed a 1.54% and 2.64% increase along a and c 
according to X-ray powder diffraction as the Yb ratio increased from 25 to 100 atomic percent.  
Single crystals showed a similar trend. Analysis of samples all fall within various ratios of Yb in 
the phase. Does Yb still show 3+ oxidation state in the intermetallic YbxPt5P? With the question 
in mind, X-ray Photoelectron Spectroscopy (XPS) experiments were performed on Yb0.67Pt5P and 
YbPt5P, which confirms 3+ oxidation state of Yb in both samples, as shown in Figure 8.3. 
8.4.2 Superconductivity trace and magnetism in Yb0.23Pt5P and Yb0.29Pt5P 
 Figure 8.4a presents superconducting properties of two samples with x = 0.23 (1) and 0.29 
(1) in which when x = 0.29 (1), obtained from the case with Yb loading ratio to be 50 %, the phase 
was determined to be impure as shown in Figure 8.5. The resistivity curve from 1.8 to 300 K is 
consistent with what is expected for a metal in Yb0.23(1)Pt4.87(4)P0.90(5) and Yb0.29(1)Pt5P without a 
phase transition. The relatively small RRR may originate from defects on the Yb site. A drop to  
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Table 8.2 Atomic coordinates and equivalent isotropic displacement parameters for YbxPt5P at 
296 (2) K. (Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2)) 
Formula Atom Wyckoff. Occ. x y z Ueq 
Yb0.23(1)Pt4.87(4
)P0.90(5) 
Pt1 1c 1 0 ½ 0.2875 (1) 0.0029 (4) 
Pt2 4i 1 0 0 0 0.0046 (4) 
Yb3 1a 0.23 (1) ½ ½ 0 0.017 (3) 
P4 1d 0.90 (5) 0 0 ½ 0.001 (2) 
Yb0.29(1)Pt5P 
Pt1 1c 1 0 ½ 0.2892 (1) 0.0069 (4) 
Pt2 4i 1 0 0 0 0.0084 (5) 
Yb3 1a 0.29 (1) ½ ½ 0 0.010 (2) 
P4 1d 1 0 0 ½ 0.007 (2) 
Yb0.663(4)Pt5P 
Pt1 1c 1 0 ½ 0.2943 (1) 0.0070 (2) 
Pt2 4i 1 0 0 0 0.0086 (2) 
Yb3 1a 0.663 (4) ½ ½ 0 0.0075 (4) 
P4 1d 1 0 0 ½ 0.0068 (7) 
Yb0.96(1)Pt5P 
Pt1 1c 1 0 ½ 0.2966 (1) 0.0048 (2) 
Pt2 4i 1 0 0 0 0.0052 (3) 
Yb3 1a 0.96 (1) ½ ½ 0 0.0042 (5) 
P4 1d 1 0 0 ½ 0.008 (2) 
Table 8.3 Compositions, phase analyses, lattice constants, and refined compositions for YbxPt5P 








--- Composition --- 
(PXRD) (SCXRD)a 
40 Unreacted P; Pt 151-type; Pt; P Yb0.23Pt5P0.90 Yb0.23(1)Pt4.87(4)P0.90(5) 




110 Pt 151-type Yb0.96Pt5P Yb0.96(1)Pt5P 
a 296 K; Numbers in ( )’s are standard uncertainties. 
zero resistance is clearly seen at low temperatures, indicating the presence of a superconducting 
transition. The midpoints of the resistive transition of Yb0.23(1)Pt4.87(4)P0.90(5) and Yb0.29(1)Pt5P are 
~0.6 K and 0.65 K, respectively.  To further characterize the superconductivity, the insert of Figure 
8.4a shows the field-dependent resistivity curve of Yb0.23(1)Pt4.87(4)P0.90(5). As applying magnetic 
field at various temperatures, the superconducting transition was suppressed gradually, which 
indicates that the strong spin-orbit coupling effects on Yb and Pt have negligible impact on the 
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upper critical field of superconductivity. Moreover, the isostructural Y0.34Pt5P/Y0.45Pt5P and Pt5P2 
were synthesized and characterized with no superconductivity observed above 0.4 K, as shown in 
Figure 8.6 & 8.7 which can basically exclude the possibility that accidental impurities in Yb-based 
samples can contribute to the superconducting transition in resistivity measurement since both 
compounds were synthesized with identical procedure. The heat capacity measurements for 
Yb0.29(1)Pt5P in Figure 8.4b shows a small kink around 0.6 K, which is consistent with 
superconducting transition in resistivity. However, Figure 8.4c and 4d illustrate a clearly magnetic 
transition peak around 0.23 K and the large entropy change in Yb0.23(1)Pt4.87(4)P0.90(5) and thus the 
 
Figure 8.3 XPS results of a. Yb & P in Yb0.663(4)Pt5P; b. Pt in Yb0.663(4)Pt5P; c. Yb & P in 




Figure 8.4  Superconductivity and magnetism in low-Yb concentration samples for 
Yb0.23(1)Pt4.87(4)P0.90(5) and Yb0.29(1)Pt5P. a. (Main panel) Electrical resistivity measurements for 
Yb0.23(1)Pt4.87(4)P0.90(5) and Yb0.29(1)Pt5P from 0.1 to 300 K. (Insert) (Upper) Zoom-in of resistivity 
data from 0.1 to 1.7 K. (Lower) Field-dependent resistivity of Yb0.23(1)Pt4.87(4)P0.90(5) at various 
temperatures (0.45, 0.50, 0.55, 0.60, 0.65, 0.7 K). b. (Main panel) Heat capacity measurements for 
Yb0.29(1)Pt5P from 0.35 to 1 K. (Insert) Ctot/T vs T
2 for Yb0.29(1)Pt5P. c. Heat capacity measurement 
for Yb0.23(1)Pt4.87(4)P0.90(5) without applied magnetic field with the emphasis on the magnetic 
ordering transition around 0.23 K. d. Entropy change related to the magnetic ordering of Yb3+ 
without applied field for Yb0.23(1)Pt4.87(4)P0.90(5). e. The temperature-dependence of the magnetic 
susceptibility from 1.8 to 300 K for Yb0.23(1)Pt4.87(4)P0.90(5) measured under an applied field of 1000 
Oe, data as indicated by the blue line for magnetic susceptibility and orange line for the inverse 




Figure 8.5 Observed and calculated powder X-ray diffraction pattern for Yb0.29(1)Pt5P. Blue and 
pink lines represent observed and calculated patterns and orange arrows stand for impurities peaks. 
 




Figure 8.7 The resistivity measurement of Pt5P2. 
subtle superconducting transition is less possible to be observed. Since the heat capacity 
measurement was only performed over 0.35 K for Yb0.29(1)Pt5P, the possible magnetic transition 
peak is absent here. Moreover, the lack of data of magnetic contribution to heat capacity makes it 
difficult to conduct a reasonable fitting for the superconducting specific jump in Yb0.29(1)Pt5P. But 
the consistency of the superconducting transition temperature and the heat capacity trend are 
reliable evidence for intrinsic superconductivity in low-Yb-concentration YbxPt5P. The magnetic 
susceptibility, as shown in Figure 8.4e for Yb0.23(1)Pt4.87(4)P0.90(5) was fitted over the high-
temperature region (HT from 225 to 300 K) and the low-temperature region (LT from 1.8 to 15 K) 
to the Curie-Weiss law without a diamagnetic correction.  The effective moment of eff = 4.21(5) 
B/f.u. obtained for the HT range is reduced to eff = 1.82 (9) B/f.u. in the LT range, where it is 




Figure 8.8 Antimagnetism and superconductivity suppressed in YbPt5P. a. The temperature-
dependent resistivity for YbPt5P from 0.05 to 4 K measured under various applied fields with ADR 
mode conducted with 100A at 128Hz. b. The temperature-dependent resistivity for YbPt5P from 
0.05 to 300 K without observing the complete superconducting transition. c. The temperature-
dependence of the magnetic susceptibility for YbPt5P from 1.8 to 300 K measured under an applied 
field of 1000 Oe, data as indicated by the blue and light blue solid circles for the field along the 
long axis of the piece and the field perpendicular to the long axis of the piece, respectively. Orange 
and brown lines show the inverse temperature-dependence of the magnetic susceptibility. Green 
lines show the Curie-Weiss fitting of the inverse  data at high temperature and low temperature, 
respectively. d. The magnetic behavior for YbPt5P up to 14 T at 1.7 and 5 K. e. Heat capacity 
measurement with/without applied magnetic field with the emphasis on the magnetic ordering 
transition around 0.28 K. f. Entropy change related to the magnetic ordering of Yb3+ in YbPt5P 
without applied field. 
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tendency. The isothermal magnetization at 2K in Figure 8.4f shows a negligible hysteresis and a 
saturation field around ~25 kOe with a saturation magnetization around 0.3 B/Yb. 
8.4.3 Antimagnetic ordering and failed superconductivity in YbPt5P 
 As increasing Yb ratio to YbPt5P, the electric transport measurement of YbPt5P shows a 
failed superconducting transition starting from 0.6 K illustrated in Figure 8.8a and b. The magnetic 
characterization of YbPt5P is shown in Figure 8.8c and d. The inverse susceptibility does not show 
any linear Curie-Weiss behavior until below 30 K, indicating low-lying crystal-electric-field (CEF) 
levels. These CEF levels is slightly lower than in other Yb3+ systems in octahedral O environments. 
The Weiss constant is of the order of -2.2 to -2.7 K, which are strongly depending on the field 
directions and the fitting range. This indicates there is possibly never a real Curie-Weiss regime in 
this sample due to CEF levels (at high T range) and strong spin-orbit interactions between spins 
(at low T range). The field-dependent magnetization with different orientations in the magnetic 
field. Orientation "||" means the field along the long axis of the piece. Orientation "~" means the 
field perpendicular to the long axis of the piece. The results show only a weak orientation 
dependence with saturated magnetization values of Ms(||) = 2.7 B/f.u. and Ms(~) = 2.0 B/f.u. 
with the effective spin-1/2 and g-tensors of 5.4 and 4 depending on the field direction. The degree 
of spin-space anisotropy is consistent with observation of other Yb3+ based insulating magnets. 
The normal heat capacity measurements up to 200 K in both 0 T and 10 T can be fitted using a 
double Debye model with an extraction of a “phonon background” for the extraction of entropy. 
The significant shift of the magnetic specific heat capacity between 0T and 10T is consistent with 
the large g-tensor. Without applied magnetic field, in addition to sharp peak at 0.28 K, there is a 
broad feature around 4 K that may be contributed from a low-lying CEF level. The magnetic 
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entropy change (obtained after subtracting the “phonon background”) indicates that there is indeed 
one effective S= 1/2 degrees of freedom per formula unit at temperatures below 3 K. 
8.4.4 Electronic structure and 2D nesting in YbPt5P  
 In order to further understand the nature of the ground state properties of YbPt5P, we 
perform first-principles calculations on the bulk band structure based on generalized gradient 
approximation (GGA) and GGA with SOC (GGA+SOC) methods, as shown in Figure 8.9. Our 
GGA and GGA+SOC calculations reveal a metallic ground state. From the orbital decomposition 
(Figure 8.9a), we find the flat and narrow Yb-4f bands are located around EF from -0.25 eV. 
Contrary to Yb-4f localized states, Pt-5d orbitals exhibit opposed behavior. The itinerant hole-like 
Pt-5d bands with a larger band dispersion span across EF and interact with the Yb-4f localized 
bands near EF, leading to a complex Fermi surface (FS). The P-3p orbitals split into two 
components. Upper part displays electron-like band dispersion above EF and hybridizes strongly 
with Pt-5d bands, while lower part lies about −7 eV below EF. Figure 8.9c shows the three-
dimensional (3D) FS of YbPt5P, and the corresponding band numbers are labeled in Figure 8.9d. 
The FS of YbPt5P mainly contains four nearly 2D pockets (Figure 8.9c and d). Two tube-like and 
one bigger funnel-like hole-type pockets around Γ point (band-1, band-2, and band-3) and another 
one hole-type pocket around X point (band-3). These nearly 2D FS may induce a superconducting 
state or an antiferromagnetic magnetic (AFM) phase in YbPt5P, resulted from the FS nesting effect. 
It is also note that the FS of YbPt5P is much different from the LDA band structure of heavy 
fermion CeCoIn5 in which there are two Fermi sheets around M point and the FS display much 
stronger kz dispersion at Γ point. This difference implies the nature of ground state of YbPt5P may 
entirely distinct from the typical heavy fermion system. By projecting the band structure onto the 
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cubic harmonics basis, we find the FS of the occupied bands around EF comes mainly from the 
Pt1-𝑑𝑥𝑦/𝑑𝑧2, Pt2-𝑑𝑥𝑦, and Yb-f (except Yb-𝑓𝑥𝑦𝑧) orbitals (Figure 8.10). The 3D real-space charge 
 
Figure 8.9 Calculated bulk band structure and Fermi surface of YbPt5P in its non-magnetic phase. 
a. The bulk band structure of YbPt5P based on GGA calculations without the inclusion of spin–
orbit coupling. The Fermi energy is zero. The red, blue, and green dots indicate Yb-4f, Pt-5d, and 
P-3p orbitals, respectively. b. Same as a but with the inclusion of spin–orbit coupling (SOC). The 
Yb-4f bands split into the j=7/2 (around EF) and j=5/2 (-1.5 eV below EF) states by SOC. c. The 
bulk Fermi surface of non-magnetic YbPt5P based on GGA calculations. The corresponding band 
number are labeled in d. Zoom-in band structure. The bands that cross Fermi level are labeled by 
blue, red, and green lines, respectively. 
density distribution within the energy interval (EF ~ -10 meV) clearly shows this orbital anisotropy 
feature (Figure 8.11). In this sense, the in-plane hopping strength is stronger than the out-of-plane 
one, consequently exhibition nearly 2D FS characteristic. When SOC is turned on (Figure 8.9b), 
Yb-4f bands split into the j=7/2 and j=5/2 states by SOC. The j=7/2 states dominate EF while j=5/2 
states are shifted to -1.5 eV below EF. In addition, strong SOC effect gap out the band crossing 
points between Pt-5d and P-3p orbitals around Γ point, and further enhance the band splitting of 
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the Yb-4f and Pt-5d hybridized anti-crossing gap around EF. Since the FS pattern of YbPt5P is 
significantly distinct from the heavy fermion Ce-115 family, the detailed theoretical modeling and 
 
Figure 8.10 The GGA bulk band structures zoom-in around EF but project onto the cubic harmonics 
basis. 
experimental tests of the effect of f-d interaction in this material are left as an open question for 
future studies. Finally, we consider the electronic interactions via GGA plus correlation parameter 
U (GGA+U) calculations. We see the Yb-4f bands drop below EF as increasing the value of U 
(Figure 8.12). As Yb-4f bands move to higher binding energies, their hybridization with 
conduction bands becomes smaller. The Pt-5d orbitals, on the other hand, are more pushed toward 
EF with increasing U and interact with P-3p states. Moreover, SOC effect split the Yb-4f state and 
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further enhance the band splitting of crossing states, resulting in a continuous energy gap through 
whole Brillouin zone. 
 
Figure 8.11 Three-dimensional (3D) real-space charge density distribution within the energy 
interval (EF ~ -10 meV). The orange, blue, and red balls indicate Yb, Pt, and P atoms, respectively. 
The occupied orbitals on the Pt1 sites and Pt2 sites are mainly from dxy/dz
2 and dxy, respectively. 
In contrast, the Yb-4f states show the more isotropic distribution. Since the charge density lobe of 
Pt2-dxy is directly point to the Yb-4f states, the in-plane hopping strength is stronger than the out-
of-plane one that manly form interlayer Pt1- dz
2 hopping. 
 




 YbxPt5P (0.23 ≤ x ≤ 1) phases exhibit superconducting trace and magnetism with low Yb-
ratio and sole magnetism with high Yb-ratio. The isostructural material can be synthesized with 
other rare earths, with a variety of strange results expected. The coexistence of such strongly 
competing electronic states in a single substance itself makes this material remarkable. Moreover, 
the fact that the strong spin-orbit coupling of the Pt electrons must have an influence in determining 
the properties makes it truly novel. The complexity of the interactions between magnetism and 
superconductivity in this new materials family will push the frontiers of our knowledge of 
electronic and magnetic properties of materials into new areas and provide fertile ground for 
developing our still-emergent understanding of quantum materials. The material can be 
synthesized with other rare earths, with a variety of strange results expected. 
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CHAPTER 9. FUTURE PROSPECTS  
9.1 Current research  
Superconducting materials have broad applications in many fields, such as grids that can 
transmit power without energy loss, ultra-fast levitating trains that ride frictionless magnets instead 
of rails, and quantum computing devices. Thus, an innovative approach to the design and synthesis 
of new superconducting materials is highly demanded. Together with experimental effort, 
theoretical determination of electronic structures and electron-phonon couplings will provide 
feedback toward further synthetic efforts of new superconducting phases. Furthermore, the 
synergy between experiments and relevant theoretical work will yield unprecedented insight into 
some empirical rules to design new superconducting materials.   
Current research focuses on synthesizing and characterizing novel inorganic solid-state 
compounds, which involve interdisciplinary efforts including chemistry, physics, materials science, 
and engineering. By searching for the new materials with exotic properties, such as 
superconductivity and magnetism, we will be able to tune material chemistry for desired physical 
properties. Thus, our goal is to translate our understanding of superconductivity physics into 
chemical requirements for the discovery of new superconducting materials. 
Unlike condensed matter physicists who dig deeply into the reported materials and try to 
interpret properties from physics perspective, our research emphasizes the use of chemistry 
perspectives to design new compounds which have never been reported in any database. Crystal 
structures, electronic structures and chemical bonding are what we rely on to design new 
compounds and interpret their physical properties. For example, as discussed in Chapters 4 and 6 
which are about superconductors BaPt2Bi2 and SrSnP, respectively, we start with chemical 
viewpoints, such as crystal structure and valence states, to propose new superconductors. After the 
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discovery of superconductivity, we utilize COHP calculations to help us interpreting chemical 
bonding in such systems. Especially in SrSnP, by analyzing the bonding and antibonding 
characters in the compound near the Fermi level, we provide a different perspective to understand 
how SrSnP may become superconducting in a chemical way, see Chapter 6. We believe that with 
this chemical interpretation, more novel superconductors will be discovered by chemists.  
9.2 Future work 
 Inspired by the key factors summarized in Section 1.4 and a large number of reported 
superconductors, one can easily tell that some typical structural motifs will be suitable to support 
superconductivity, such as 122-type IBSCs (see Section 1.3.3), cuprate superconductors and 
HFSCs (see Section 1.3.2). Thus, starting from chemistry perspectives, we mainly focus on the 
crystal structures of known compounds, especially those forming layered tetragonal structures. 
Other ideal structure types include those of which the most electropositive elements are well 
separated by the other elements forming one-dimensional (1D)/two-dimensional (2D) or caged 
framework. If they were not found to be superconducting, we can synthesize them and test the 
superconductivity. Moreover, with the help of electronic structure calculations, e.g. band structure 
and density of states (DOS) calculations, we can make a rough prediction whether the materials 
would to be superconducting which will be discussed in the following paragraphs. By searching 
the stack of multiple energy bands, i.e. seeking flat bands near the EF, it is more likely to find 
possible strong electron correlation, which is one of the essential features of cuprate 
superconductors, IBSCs and HFSCs (see Section 1.3.1, 1.3.2 & 1.3.3). 
 Besides searching for superconductivity in known compounds, the design and synthesis of 
novel superconductors are more challenging, since the relationship among superconductivity, 
crystal structure, and chemical composition is still a puzzle. Thus, we will put efforts on 
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incorporating the chemistry viewpoints (crystal structure/bonding analysis etc.) with physical 
concepts (band structure/DOS etc.), and try to enrich the high-temperature superconductors family 
which will be explained in the following paragraphs. By determining a desirable crystal structure, 
which is usually inspired by known compounds, i.e., BaPt2Bi2 (see Chapter 4), we modified the 
known compounds through tuning chemical pressure (doping/element substitution) or introducing 
some magnetic elements (doping/element substitution) to tune the Fermi level, and thus producing 
in small perturbation to the stable system to induce superconductivity.  
The rational synthesis of novel superconducting materials could be achieved by 
investigating newly proposed critical charge-transfer pairs for superconductivity. “Critical pairs” 
of atoms in the periodic table can be postulated as having the delicate charge-transfer balance 
between covalent and ionic bonding. Superconductivity can be induced by forming or breaking 
specific chemical bonding with critical charge-transfer pairs. The clear examples of such critical 
charge-transfer pairs for superconductivity in the periodic table are Cu-O and Fe-As in two high 
Tc superconducting families, as can be seen in Sections 1.3.2 and 1.3.3. Chemical doping will be 
conducted systematically to tune electron counts, suppress structural instabilities, and induce 
superconductivity. More interestingly, the charge-transfer pairs usually occur in individual layers, 
i.e., the active block in cuprate superconductors. The critical charge transfer pairs to 
superconductivity we have explored are Ir-Ge (Chapter 3), Pt-Bi (Chapter 4 & 5), Sn-P (Chapter 
6) and Pt-P (Chapter 7 & 8). In the future, more electropositive atoms will be investigated to 
interact with mentioned charge-transfer pair layers, analogous to what showed in IBSCs and 
cuprate superconductors.  
Other than that, the critical charge-transfer pairs including magnetic elements are 
extremely promising in terms of high-Tc superconductors. Although the BCS theory successfully 
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explained the microscopic mechanism for conventional superconductivity, the interplay among 
electrons in strong correlated systems, i.e., systems with magnetic ordering interacting with 
superconductivity, is still under investigation. Unconventional superconductivity can be 
potentially induced by suppression of magnetic ordering in materials, see the cases for IBSCs for 
example. Therefore, the magnetic-element-containing critical charge-transfer pairs are proposed 
as Ni-Bi, Co-Bi, Rh-P etc. 
I would like to clarify the previous statement that superconductivity can be obtained after 
a small perturbation is applied to a stable system. Theoretical calculations are applicable when it 
comes to the “prediction” of superconductors. When the band structure and density of states (DOS) 
are calculated for a given structure, we can obtain some hints by the behaviors around the Fermi 
level (EF), i.e., the zero energy level in Figure 9.1 (a), about how the electronic properties of the 
material would behave and whether it is possible to become a superconductor.  
Normally, what attracted our attention are the “saddle points” in band structure and “van 
Hove singularity” in DOS. As shown in Figure 9.1 (a), the “saddle points” are the points marked 
by red solid square while the red dashed square is highlighting the “flat bands”. Basically, the lines 
in band structure (Left figure in Figure 9.1 (a)) represent the energy level where electrons may 
occupy in typical point of Brillouin Zone (BZ). Figure 9.1 (a) is generated from a non- Hove 
singularity” in DOS, i.e., the peak shown in DOS, which indicates high density of electronic states 
and the instability of the electronic structure.  
Basically, the high DOS at the Fermi level for a superconductor can usually result in a high 
critical temperature according to BCS theory. Thus, in the compound shown in Figure 9.1 (a), if 
we can move the Fermi level (the dash line) towards the high DOS region (~ -0.5 eV) by doping 
or element substitution, it would be possible to introduce electronic instability into the system and 
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make the material superconducting. For example, let’s propose an unknown compound with the 
tetragonal structure, KRh2Bi2, which owns the same electronic structure as shown in Figure 9.1 
(a). Due to the fact that the “flat bands” are observed ~0.15 eV above the EF, we may be able to 
move the Fermi level upwards by doping the K with Ca or other metal elements (M) with more 
Figure 9.1 (a). The example of band structure and corresponding density of states (DOS). The red 
solid and dashed squares encircle the saddle points and flat bands. The red arrow was pointing to 
the van Hove singularity in DOS. (b). The first Brillouin Zone for the proposed compound 
crystallizing in tetragonal structure. 
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valence electrons, i.e., K1-xCaxRh2Bi2/K1-xMxRh2Bi2, and make the Fermi level lie on the “flat 
bands”. Thus, a high-electronic-state area near EF from  to Z point will be generated which 
indicates the electronic instability. Therefore, by doping the K site in KRh2Bi2, we introduce a 
small perturbation (doping) to the system which leads to electronic instability and 
superconductivity may be induced in the underdoped system. Similar assumption could be made 
regarding the “saddle points” appearing below the EF and the van Hove singularity in DOS locating 
at ~0.5 eV. By doping Rh with early transition metal elements, such as Ru or Mo, the Fermi energy 
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